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PriEFACJ'] TO 'IT'IE ElEST EDITION. 


Tt is curious that although colloid chemistry owes its 
developmcut iu uo small degree to Ihitish investigators, 
hitherto tliere Inas been not only no English text-book on 
the subject, but uo text-book in English available, the 
foreign works tliat have been translated dealing with 
particular aspects of the subject only, or with its bearings 
on other sciences. 

The present book, based on my lectures on ll(dero- 
geiieous Systems delivered to advanced students in the 
University of Edinburgh, will, it is hoped, meet the want 
of a convenient text-book, and at tlie same time . servo as 
a reference book for workers in other sciences, who are 
becoming more and more iuteiosted in colloids. To 
increase its usefulness in tlie latt(;r din'ction, a section on 
the applications of colloid clicinistry has been added. It 
makes no claim to be complete or exhaustive; indeed, 
many important applications are not even mentioned, but 
it seemed better to deal at some hmgth witli a number of 
selected exam])lcs, rather tlian to give a mere catalogue 
of 4116 many branches of pure and applied science in 
which it plays a part. Further, a large amount of experi- 
mental data has been included througliout tlie book, with 
the idea that this may bo of use to those interested iu 
the subject. 

The practical instructions for the preparations will, 
if carefully adhered to, enable any one to prepare sols 
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PREFACE 


whether for piirpc^es of research or pf demonstration^ 
In this connexion I desire* to expi«3ss my indebted- 
ness to Svedberg’s Die Melhodcii zur Ilerstellimj*Kglloider 
Losumjcn, as also generally to Freundlich’s Ka^nllarclLcmie 
and von Weimaru’s Griuuhwje dcr Diqiersoidclicmie. 

My thanks are also due to Messrs. Carl Zeiss, who 
kindly lent the block for Figure 2 ; to my wife for draw- 
ing the remaining figures; and to Mr. J. I). M.* Rdss,*^ 
B.Sc., for valuable assistance in reading the proofs. 


Univfrsity of Edi.nhurgh. 
/an. igts. 


W. W. T. 


rimFACE TO THE SECOND EDITION 

In thif^ edition the main features of llie book remain 
unaltered, although a considerable amount of now material 
has been added. This has only been done, however, 
where citlicr the new matter was a more convincing 
illustration of an already established theory, or the new 
experimental results had led to clianges in the previously 
accepted theory. Opportunity has also been taken of 
making a few corrections, chiefly concerned with matters 
of historical accuracy, for which I am indebted to the 
kindness of friendly critics. 

w. w. r 

T^hnJNIVEKSIlY, KdINCURGII 
July 
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CIIEiMISTRV of colloids 

PART I 

gi;ni;ral fropI'Rties of 

COI.I.OIDS 

CHAITKi; I 

JNTIIODL'lI'JoX 

WiiKy Hralifun, as tlio rosult of his eiK)ch-inakiiig pxpcn- 
incuts oil colloids, was hal to make the well-knc^vn state- 
niCTit that “they (crystalloids and colloids) appear like 
ditlcrent worlds ot matter, and give oiicasion to a corro- 
siumding division of chomical science. The distinction 
betwemi these kinds of matter is that snhsisting between 
mateiial of a mineral and the matm'ial of an organised 
mass,” the scaence of cliemistry was still dominated by the 
idea ol the inndamental dillmeiK'e lietwcen inorganic and 
organic substance, It was iiatunil, thi'refore, that he 
should extend this already accepted distinction to the 
new region of chemistry whicli he liad just discoveied. 

^)Ut, just as the advance ot knowledge has removed 
thcrdistinction in the one case, so too the tendency of 
recent work has been to bring the other under suspicion. 
For many years physical clien^sis have inclined more and^ 
more to the view that crystalloids and colloids tifo not 
different luuls of matter (as (Jraham considered) but, 
ratlier, are dilforent stated mailer, and that the same 
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chemical substance, may be oHtaiuod in the one state or 
the other by suitable alteration of th(/ conditions undef 
vvhicli it is produced. 

• WhRe this exceedingly important change in oiiP funda- 
mental conception regarding colloVls is not due to any one 
investigation, Paterno’s researches, although recently 
shown by him to be erroneous (p. 289), were the first 
to indicate that a substance (tannin) may form a sol 
in one liquid (water), and a true solution in anotlier 
liquid (acetic acid). ^lany have contiabiited to the 
development of the idea, but it was only recently 
carried to its logical conclusion by P. P. von Weimarn, 
who has succeeded in matliematically formulating tlio 
main factors which govern the appearance of a substance 
in eitlicr the colloid or the cryNlallirKi state; these con- 
clusions he has confirmed in an elaboi ate series of investi- 
gations. 

As a result of these investigations we Itave not only 
the means afforded of classifying the diverse methods 
hitlierto employed in the preparation of particular colloids, 
but have indicated in any given case tlio necessary modi- 
fications of the conditions for ol)taining a substance in the 
colloid state. TIhjsc developimmts are so recent that they 
can hardly be said to liave been applied in a systematic 
manner, and yet von Weimarn has already succiioded in 
obtaining more tlian 400 substances in tlio colloid state. 

In another direction tlicrc have been in recent time 
very considerable advances : in the development o? the 
connexion between the special properties of the colloid 
state and caj)illarity or surface phenomena. ITeie the 
question of surface energy is all-important. 

• Aj a surface implies liefcrogeneity, being an interface 
between two phases, we can at once i)roceed to classify 
systemlj according to tlie natiy^e of the phases (at least 
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two in number) which are* necessary for the existence of 
the interface. TI^ special properties ascribablo to surface 
energy otily come into prominence when it amounts to a 
modera'tely large frfiction of the total energy of tlie*systefn ; 
this is connected with/ the ratio of the surface to the 
volume (or mass) of the system, which in turn may bo 
expressed in terms of the “ specific surjacc!' The specific 
siK-face is the surface divided by the volume. The 
surface of a ciil)o, tlio side of which is /, is G/^, and its 
volume is tlie specific surface is G//. Thus a cube of 
6 cm. side and the inscribed sphere of G cm. diameter 
have unit s[)eciric surface. A large spccillc surface can 
only be obtained by the reduction of at least one spatial 
dimension of one of the pliases, hence the name micro- 
chemistry, suggested by Ostwald, in place of capillaiy 
chemistry, the name adopted by Freundlich. . Unfortu- 
nately, the name has already been misapplied to a special 
branch of chemical analysis — the analysis of microscopic 
quantities. What is usually hnowii as colloid chemistry 
is only a part, though the most important practically, and 
the most fully developed part, of the general science of 
microchemistry. 

By a systematic application of the two ideas — of 
heterogeneity involving at least two phases, and of the 
increase of the specific surface by reduction of one, two, 
or three spatial dimensions of one of the jihases, we arrive 
at a cornple'e classification of the po.ssible microchemical 
systems. The phase which is divided into small separate 
volumes is known as the disperse phase, the other is the 
dispersion medium; when t^e dispersion takes the form) 
of parallel plates, there is no di'tinction between the twol 
phases. The dispersity is the degree to which thej'ednc- 
tion of the dimensions of the disperse phase has been 
carried; it is best expressed numerically in Wrms of 
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specific surface, but more irequentiy in terms of the linear 
limensions of the disperse iihase, e.g^ tlio thickness of 
fi]ms‘ or tlie diameter of separate particles. 

' Dira'Inution of one dimension givefi rise to films and 
bubbles; of two dimensions to't threads ; and of three 
dimensions to fine powders, drops, etc. Leaving out of 
account the two former cases, we liave the following 
classes 

I. The dispersion medium is a Gas.^ The disperse 
phase is 

{(() li(pud, producing cloud or mist; 

Q)) solid, producing dust or smokt*. 

If. The dispersion medium is a Inquid, Tlie disperse 
phase is 

{(t) gas, giving rise to foam ; 

{b) liquid, producing emulsions (and gels ; 

G) solid, producing suspensions. 

III. The dispersion medium is a Solid. Tlie disperse 
phase is 

{a) gas; gas bubbles in a solid produce solid foam or 
scoriie ; 

([)) liquid, as in the liquid inclusions in minerals; 
some gels jirobably come into this class. 

(c) solid, producing solid mixtures. 

Emulsions and suspensions form by far the most im- 
poitant classes at the present time, comprising as they do 
what were formerly known as colloids. There is some 
doubt whether all gels ought not to be regarded as 
emulsions possessed of considerable rigidity. This ques- 
tion will arise later, and willjthen be more fully discussed. 
Solid mixtures have as yet j'eceived little theoretical con- 
sideration, owing to the difficulties involved. They are, 

* Since all gases are completely miscible, there is no disperse system 
consisting of gases alone. 
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however, of great practical iniport^ince, as the mere 
mention of cements and heterogeneous alloys will indicate. 
Here, to3,,thc question aiises whether, in some of *these 
cases, one at leastfof the phases may not he liqukl rather 
than solid, and sliould /accordingly be placed among the 
gels. 

Nomenclature.— Wlien the history of the development 
[)ti colloid chemistry is recalled, it i.s liardly surprising that 
there is a certain amount of confusion in respect of nomen- 
?dature. To (lr;iham wo arc indebted for the general term 
colloid in contrast wiili crysUtlknd. He also distinguished 
between the two conditions in wliicli the colloids he first 
investigated, as gelatine and silicic acid, were obtainable, 
the term sol being apidied to the form in which the .system 
was apparently liquid, while to the solid, jelly-like fonn 
he 0 })plied the term yd. If one of the compunents was 
water, tlie two forms were a hydrosol iind a hydroyd; if it 
was alcoliol, tliey were an alcosol and almjdy and so on. 
These terms arc still in common use, but are no longer 
suflicient. 

The earlier work was largely done on either naturally 
occurring colloids, or on others, tlie discovery of which was 
more or less in the nature of accident, and wliich were 
similar in properties to these natural colloids. These be- 
long to the group TI. {h) in the above cla.ssification (p. 4), 
consisting of systems of two liquid.s, and known as emul- 
sions. Now, the colloids of the group 1 1. (c), consisting of 
a srdid disperse phase in a liquid disjiersion medium, were 
investigated at a later date, and as tliey arc on tlie whole 
of a simpler nature than the emulsion colloids, many of 
the most important properties of colloids were not found 
out until comparatively recent times. The terms sol amt 
gel^ are frequently applied to them; the former *is im. 
objectionable, not so the^ latter. It is rot desirable to 
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apply the ‘same ferms to processes or states wliich 
may be essentially difleren^. thougli^'^ superficially tlid 
same: 

' As already suggested in the above? classificati6n, gels 
usually consist of two liquid pliVses, but may in some 
cases consist of a solid phase and a liquid phase. In the 
case of suspension colloids there is little doubt tliat the 
sol contains a solid phase and a liquid phase, and this is ' 
probably also true of the precipitated colloid, to which the 
term gel has been applied. It is not impossible that here 
the two phases may be liquid, but even if it be so, the 
phenomena are not comparable with those exhibited by 
the gels proper, and it is better not to extend the name to 
them. 

Starting from the fundamental idea that colloids arc 
heterogeneous systems, one phase of which is liquid, and 
the other either liquid or solid, we have first of all, when 
the dispersity if not high, the two classes known as emd- 
sions and suspensions respectively. As the dispersity in- 
creases we have the typical emulsion colloids and 
suspension colloids, which may conveniently be named 
emulsoids and suspensoids, the corresponding general term 
being dispersoids. Some, as V. P. von Wei mai n, would 
still further subdivide the region between tliis dispersity 
and the apparent homogeneity of solutions, into evmlsides 
suspensides, and solutides, the latter merging into true 
solutions. But these terms have not as yet found common 
recognition, partly because the phenomena can be ade- 
quately described and discussed without them. 

The classification of sols^into suspensoids and emul- 
soids, based upon the state of the disperse phase, is not 
'altogether satisfactory, for some systems, in which the 
disperse phase is undoubtedly liquid, exhibit characteristic 
properties of suspensoids, while others, in which it may bo 
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ouiiu, tiiu iiuuo like the emiflsoids. Tlig (Icterrniiiing factor 
*seems to be the Jresenco absence of affinity between 
the •two'^ phases, whether in the form of solubilRy or 
clieniidal combinafion, the formation of a gel being a sig- 
nificant manifestation iff the difference between the two 
classes. The term hjophile has been applied to those 
systems in wliicli there is marked affinity between the 
phases, and lyopholm to the otliers. Wlien water is the 
dispersion medium the terms hydropldle and hydrojyhohe 
are commonly used. Broadly speaking, this classification 
is the same as into emulsoids and su.spensoids. 

lyotrope Series. — Another aspect of the alTmity 
between disperse phase and dispersion medium may be 
referred to here. There arc many striking differences 
between susponsoids and emulsoids, or better, between 
lyophobe and lyophilc sols, and especially in their 
behaviour towards chemical reagents. With the former, 
the effect of the added reagent is prodnc*xl almost exclu- 
sively on the disperse pliase, while with the latter, its 
effect on the dispersion medium is also of importance, and 
may even overshadow the other, and so become the pre- 
dominant feature. 

It is well to remember at the outset that the ordinary 
physical properties of a lyophobe sol are very little 
dilfcrent from those of the pure dispersion medium, while 
the converse holds for lyophilc sols. Now tlieio is a 
large number of reactions in solutions which are markedly 
inliuenced by the addition of foreign substances, which 
from their nature seem debarred from taking any chemical 
part in the reaction. The yiference is that their influence 
on the chemical reaction is an indirect effect, the direct 
effect being a change in the nature of the solvent, pnr- 
duced by the added substance. This is confirmed by the 
following facts. 
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If the reagents arc arrahgeii in order of tlicir influence 
on tlie reactions, the same sequence is nhtaiued in wide))* 
dilferhig reactions. The reaction may be pro^ioted by 
certain reagents, and hindered by otii^'i's, in comparison 
with the reaction in tlie pure s*dutiun. This sequence 
does not appear to follow any iccogni.sal)]e chemical order, 
«s, e.g. valency, atomic weiglit, etc. In some leactions 
the order is reversed, but the se(pience is still maintained. 
The order is fre(]uently reversed when the same reaction 
lakes place in acid and alkaline solutions, i.e. the sub- 
stances which favour the reaction in acid solutions hinder 
it in alkaline solutions, and conversely, the sequence 
remaining the same in both cases. 

Among the reactions in which this lyotropti influence 
has been recognised are the following: the catalysis of 
esters, the invei-.sion of cane sugar, the s('tting of gelatine, 
and the heat-coagulation of albumin. It is very signiliciint 
that the .same sequence is observed in the effect of sub- 
stances on many of the j>hysical ])roperti(;s of water as 
compressibility, viscosity, density, surface tension. This 
it is which points to the lyotro]:)e cliaracter of the effect 
in the chemical reactions, the essential prop ulies of the 
water, on which its behaviour as a solvent and as a dis- 
persion medium depend, being changed in a definite 
manner to a fixed extent by these sub'^tances. Ajipended 
are a few examples of reactions and }»ropcrties, which will 
illustrate the lyotropc series. The ions are arranged in 
order of their effect upon tlui velocity or the property ; 
thus ions which precede reduce the velocity of 

reaction or the numerical value of the compressibility, 
et0., of water, the first menffioned causing the greatest 
reduction, wliile tliose wliicl succeed increase the 

velocity', etc., the last mentioned liaving the greatest 

effect. 
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1 . The Hydrolysis of (fsters by aoi^s. 

Unions: S04(//2^)C1 <: Hr. 

. Rations : ( 1 /^^) Li < Na < K < Rb < Cs. 

SO4 retards tlic af^tion, the other anions and the? katidns 
acc(d crate it. • 

2 . The Hydrolysis of esters by Ijascs. 

Addons : I > NO.. >Jtr > Cl > A (//oO) So O3 < SO^ 
Rations : Cs > Rh > K > Li (//^Oj. 

The ions which accelerate the acid liydroly‘^is retaid the 
basic liyd roly sis, and vice rersd. 

o. The Compressibility of aqueous solutions. 

Anions : CO3 > SO4 > Cl > Rr > N(^3 > I (/AO). 
Rations: Na> R > Li > N I [^ (///;). 

In all cases the solutions are less C(/ni[)i\r'>sihle tlian water 

4 . The .Sin Face Tension of aqueous , soldi it)ns. 

(/r/J) 1 < NO3 < Cl < SO4 < C( >3. 

The surface tensions of the solutions are o^cat('r than that 
of waiter. 

5 . The Viscosity of aqueous solutions. 

Aiiion.^: N03> Cl (7/2(1)804 [Rotassiuni salts]. 
Rations : Cs > Rb > R (IhO) Na < Li [chloruics]. 

The viscosity of the solutions of RNO3, RCl, CsCl, RlDl 
is less than that of W’ater (so called “lU'gative viscosity ”), 
that of the other salts is gi eater than that of water. 

Coagulation, again, is a term which is ap[)lied more or 
less indiscriminately to several phenomena, e,g. to the 
formation of a precipitate in cmnlsoid sols, as the proteins, 
especially hy the action of heat, and also to the precipita- 
tion of siispensoid sols, especially by the addition »of 
electrolytes. As, however, little is known regarding the 
mechanism of the former type of reaction, this duaNusc of 
the term is not of much consequence. But undoubtedly 
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the latter sfet of cUanges are Ijetter desiuiiatcd as pro 
cipitalioiis. 

Sol-gel Transformation. — The ambiguity in th'c use of 
the* term *gel has already been referred i5. The reversible 
transformation of sol ^ gel is a phenomenon, the extreme 
importance of which is likely to increase, as so many other 
effects are bound up with it. The nomcnclat'jro is 
admittedly inadefpiate ; verbs to express the processes 
and names of the processes themselves are much needed. 
It is now difTicult to justify such a statement as “ the gel 
dissolves to a sol,” for if the gel dissolved, the result 
would be a solution, not a sol. 

The term gelatinisation is frequently used for the 
change from sol to gel. It is felt to be too long, for some 
liave reduced it to gelatination, but as gel is the 
generalised* form of gelatine, gdalion is obviously the most 
appropriate term, and the corresponding verb is surely 
gelate. The tcriti gelation has been occasionally used. 

For the reverse change we arc not in so happy a 
position ; solalion and solatc are unqm'stioiiably the logical 
antitheses of gelation and gelate, but we already have 
solute for a thing, and solution for both a thing and a 
process, and the more recent solvate as an adjective and a 
noun. Graliam introduced the verbs pcJcline and peptue, 
and the corresponding terms pokilmlion peptisation to 
express these changes, and probably considered the 
.similarity of the two words to express two directly 
opposed processes to be an advantage, instead of as How 
the very reverse. At any rate they liave not been 
generally adopted, though curiously the adjective pcklous 
is coming into use, especially among biologists, and 
peptist^is also frequently used. 

Now the real objection to peptise and peptisation is 
that they originally were, and still are, strictly applied to 
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only one of tlie many met/hods by 'wdiich a ‘gel may be 
transformed into it sol ; andjt is most undesirable to stamp 
a generaf idea with a name which has been and still is 
])roper1y enough ?ipplied to one small part of the icJca. 
There seems no escape «from the adoption of the following 
terms : — 

gel, to gelate, gelation, 

sol, to solatc, solation, 

they are unambiguous and brief, are logically connected, 
and will save an enormous amount of circumlocution. 

Degree of Dispersity.— The fundamental idea under- 
lying the chemistry of colloids, and much more, is that of 
lieterogeneity, but between certain well-defined limits. 
The upper limit has been fairly definitely established, and 
lies above the limit of microscopic visibiliiy (which may 
be placed at 10~® cm.). At this dispersity the properties 
of the substance begin to differ ap[)rceiably from the 
jiroperties of the substance as it ordinarily occurs; at 
this stage the phenomenon known as Ihownian movement, 
just observable at about 10"^ cm., is well deveh)pcd, and 
the surface energy is no longer a negligible fraction of the 
total energy of the system (p. 22G). Particles between 
these limits (10~^ cm. and 10 cm.) are termed microns 
in Zsigmondy’s nomenclature. 

The lower limit can not be below the dimensions of 
molecules (about 10'® cm,). IJlti'amieroscopic hetero- 
geneity has been directly observed at 5 x lO'"^ cm., tho^ 
pafticles between this and 10“^ cm. are termed 
an/i the existence of particles of approximately 10“^ cm. 
diameter has been demoiistjated in an indirect manner^ by 
Zsigmondy; these are knoyn as arnicrons. Below this 
again must lie the apparent liomogeneity of trueso^ution.^, 
which, however, must ultimately bo regarded as truly 
heterogeneous. 
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Tlicre is tluis^ luiDroKen 'continuity between tlie 
coarsest-grained heterogeneity^ and tlief apparent liomo- 
geneifey of the true solutions, and tlie moleculai^state in 
gases. 

Historical Note.— Graham is i^^iially regarded as the 
founder of colloid chemistry, and so in a certain sense he 
\Las, but many of the jiropertics on wliicli he batted liis 
ideas, and some of the ideas, were already known to his 
predecessors, as were also many of the ideas which have 
been put forward since his time. 

A glance at the section of the Itnok dealing with 
methods of preparation will show that metal sols, prepared 
by reduction of salts, were iaiily well known, and several 
investigators expressed tlie view that tlicse so-called 
metal solutions were suspensions and not solutions at all. 
While the. metal sols formed by kathode reduction were 
generally considered to be liydiides, Ruhland (1815) and 
Poggendorf (1848) pronounced them to be metals in a 
very fine state of division. And Berzelius, in his 
“Lehrbuch” (1844), liaving described arsenious sulphide sol 
as obtained by the action of hydrogen sulphide on 
arsenious oxide solution, says: “For the present this 
solution is rather to be regarded as a suspension of trans- 
parent particles, for arsenious sulphide gradually separates 
out as a precipitate.” * 

The sulphur sol, formed by the reaction between 
sulphur dioxide and hydrogen sulphide in water, was 
discovered by Wackenroder (1840). lie states that *‘if 
the liquid is frozen and thawed, a great part, but not ^11, 
of the suspended sulphur sej^arates out. But it is im- 
mediately and completely sejjjarated out in large flocks if 

wischen ist diase Losung wolil nioUr als eine Suspension von 
durchsichtigeii Teilchen zu betrachten, denn allmuhlich scheidk eich 
das ScbTrefelarsonik ab und fallt nieder.’A 
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a neutral salt of an alkali, as NaCl, k added’ to the aci'd 
liquid.” ^ 

And^^ubrero and Selmi (1850), in an elaborate account 
of tlie'saino sulpliur sol^inake the following reinaTks : ^ Jf 
water is added to it, i* divides up, forming an emulsion, 
from wliich it does not separate out, even on prolonged 
standing (several months).” . . . “ If a little aqueous 
solutiP)!! of a neutral potassium or sodium salt is added to 
the emulsion, sulphur is immediately precipitated, but, 
singularly, if a sodium salt is used, the sulphur does not 
lose the properly of dividing itself up again in water. 
All that is necessary is to d'»cant the liquid containing 
the sodium salt, and to wash the })recii)ilalo several limes 
with distilled water; after the sectuid or third waishim^ 
the sulphur does not settle out, 1 at regenerates the 
emulsion. If a potassium sail, cspiadally the sulphate 
has been n.'^ed, the precipitated sulpliur has cpnijilelely 
lost the property of emulsifying in water.*. . . In s})ite of 
rep(‘atcd washing, it always retains a trace of the potassium 
sulphate employed for tlie precipitation. . . 

“This enormous quantity of sulphur is, one would he 
inclined to say, dissolved, for it hardly alferts the 
limpidity of the liquid. . . . Sulphur can thus lie modi- 
fied in an extraordinary maniuT by the substances present 
at the time of deposition, these adhoiing obstinately, 
probably by sirnjde adhesion, and can either acquire the 
property of emulsifying in water, or assume a state of , 
aggregation which prevents it dividing up in water. It 
thqs appears that sulphur exhibits phenomena analogous 

‘ “ Lasst man sio gofiioron und^wiedor auftljauou, so seheidot sich 
zwar ein grosser Theil, abor niehfc alter suhpondiertcr Scln^fel abT 
Augeublicklich jodocb wird dorselbo in grossen Flocken rein ahgesebie- 
den, vvenii man die stark sanro Flussigkeit mit einem ^cutralea 
Alkalisalze, vornchmlich mit K^ichsaly-losung, vormischt,’’ 
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to those observed, with many other substances, which 
possess the power of dispersing and djv^iding themselves* 
in a ’liquid, without completely dissolving in It, ae e.g. 
soap, slwrch, and prussian blue, on *which one’ of us 
(Selmi) has previously made obseavatioiis similar to those 
now described. These facts are related to a set of 
phonomcna which M. Selmi has classed togetlios under 
the name of pseudo-solutions. The number of |?seudo- 
soluble substances seems to be pretty Inri^e/’^ 

The first observations on the hgdrohj.m of salts 

1 “ Si Ton y ajoute do Toaii il s’y diviso on formant uno Emulsion 
dont il no 80 sopare plus, memo par un repos ti(\s-proIoiige (plusiours 
mois)." . . . “ Si, a romulsion do so soufro, on ajouto un poii do solu- 
tion aqueuso d’un sol iicutre do potasso ou do soudo, on obtient iinm^- 
diatoment un precipil.t5 do soufro, jiiais (choso pingnliero) si I’on a 
employ^ un sol do soudo pour la precipitation, lo soufro n’a pas perdu 
la proprieto do so deviser dans I’oau. 11 suOit, pour s’on assurer, do 
decanter le liquido contonant la sol sodiquo, ot lavor le prt5cipit6 
pluaiours fois avocado I’eau distilb'o; au douxioino ou au troisiiiine 
lavago, le soufro no so depose plus : il rogoncre lYiinulsion. Si, au 
coiitrairo, on a oinployd un scl potassique, surbout lo sulfate, lo soufro 
pr6cipit6 a pordu conipli'toinont la propribtd do sYmulsionnor dans 
Toau, . . . Malgr6 los lavagos rc'qiot^s, il rotiont toujours un peu de 
Bulfafe do potasso employe pour la precipitation.” . . . 

” Cette 6norine quantile do soufro ost, ou diraib, dissouto, car olio 
n’alt^ro presquo pas la limpidii6 du iKiuide. , . . Lo soufro pout 
done fibre modilie, dans sa manioro d’etre, d’une fa^on toiite par- 
ticulifire par la presonce dos corps au milieu dosquels il so dfipose, 
Gt qui y adherent avec opiniiUrotfi, probablomcnt par simple adhesion, 
et acqufirir tantot I’fimulsion abilitfi, tantdt un fitat d’aggrogation 
qui I’empfiche do so divisor dans I’eau. Il resulte, ou outre, quo lo 
* soufro fimulsionnable presonto des phfinomencs analogues k ceux 
qui s'observont dans beaucoup d’autres corps qui joiiissont 3© la 
proprifitfi do so disperser et so divisor dans un liquide, sans toutefois 
s’y dissoudre absolument, tels quo lo savon, I’amidon, ot le bleu de 
Pitisse, sur loquol un de nous. If. Selmi, a dfijft fait des observa- 
tions analogues k cellos quo no^is venons d’exposer. Ces fails so 
tattachent a un ordre do phfinomfines que M. Selmi a bien caractfi- 
risfis, eFqu’il a rfiunis sous le nom do pseudosolutions. Il parait quo 
le nombrp dos corps pscudosolublcs ost assez grand.” (^wn. Chm* 
Fhys., 18*50, [iii.J 28, 210 2x5.) 
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resulting in the formation of sols were ijiade by*Gay Lussac 
\1810) on alumiiii|im acetatQ. Berzelius ^ then gave a full 
descriptiun of the preparation of ^ silicic acid by the 
hydrolysis of silicon sulphide. o 

j3 silicic acid is cx^^tained in its purest form when 
silicon sulphide is oxidised by water; hydrogen sulphide 
is evolved as gas, and the j8 silicic acid dissolves in the 
w«ter.« In a more concentrated state the solution soon 
turns to a gelatinous mass/’ Frcmy^ (1853), on the same 
subject, added little to Berzelius’ account ; he says : 
“ The hydrated silica nmiains completely dissolved in the 
water, and this siliceous water is sometimes extremely 
stable; if dilute, it can be kept for months without 
depositing any silicu, but it becomes gelatinous and gives 
up the silica when it is conceutrated or boiled, or when a 
soluble alkaline salt is added to it.” 

The peptisation of silicic acid gel by alkalies was 
described by both llerzelius (1833) and by Kuhn (1853). 
The latter 3 also states that “by treating silicic acid jelly 
with w^ater it is easy to obtain 5 per cent, solutions which 


* “ 111 ihrem reinstoii Ziistaad bildet sio sich durch Oxydation 
von Schwcfolkicscl auf Kosten von Wasscr; es entwickelt sich 
Schwefelwasserstoff-gas, and die $ KioselsUuro lost sich in Wasser 
auf. In koDzentriorterem Zustando gestoht dio r,o-!iing bald zu eiuer 
gallertartigen IMasso.” (Berzelius, Lehrhnch, 3 auf. 1833.) 

® “ la silice hydratee qui rosto cnti^:reinont eu di.ssolution dans 
I’eau. Cotto eau siliceuso presonto quolquofois uno grande stability ; on 
peut la consorver pendant des mois entiers loraq’clle ost ^tendue sans 
qu’eflo laisse de'poser do la silica ; mais ello doviont gelatineuse et 
abaiidonne la silice qu’elle tient en di.ssolution quand on la concentre 
lorsqu’on la porte d Tebnllition ou qu’on introduit dans la liqueur des 
gels alcalins solubles.” {Ann. Chttn. 1853, fiii] 38,312.) 

® “ Die Hauptbedingung zur Pjrstellung eiuer solcher Auflosung 
besteht darin, dass Kioselshuregallerte, welche dazu dienen soli, iu' 
moglichst ausgodehnter BcschafTouheit bereitet und gewissermltssen so 
lango in statu nascendu erhalten wifd, bis sie zur Auflosung hinlanglich 
vorberoitet ist.” {J. pr. Ghem^ 1853, 69, 1.) 
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{Iro quite stable. The chief coudition iu inakiir^^ such 
solutions is to liavo the silicic acid ii^ as One a state as 
possible, and to keep it in statu iiascendi until it is bein^f 
prepared for dissolvinij up.” 

The researches of Crum (185*)) and of Peari de Saint 
Gillcs (1854) on the hydrolysis of aluminium acetate and 
ferric acetate come next. In tlie former case Crum 
obtained pure aluminium hydroxide sol by lieatiii" tiie 
dilute solution for ten days iu a closed M'ssel, aiul boiling 
olf the acetic acid in shallow basins. He failed to do tlie 
same with ferric acetate, but I’ean do Saint (Jilles suc- 
ceeded in the followim; year, althouL;h he was unable to 
j^ct rid of all the acetic aci 1. Roth of them carried out 
precipitation reactions xsith neutral salts. 

Then vilh Graham’s compreliensive rescarclios on 
dialysis and its a])plication to the purification of sols, 
and on ^he prepiration of the impure sols by jaqitisa- 
tion, l>y washihg out, by double decomposition between 
salts, and by the action of acids on .‘soluble salts, as sili- 
cates, stannates, etc. (18G1-18G4), we enter on the })eiuoil 
when colloid chemistry was recognised as a special branch 
of science. The historical devehipment of each special 
depaitment is biietly outlined in the text. 

The treatment of the subject falls naturally into tlireo 
divisions — the general properties of colloids (sols and 
gels) ; tbc inetliods of iirejiaration, and the factors winch 
govern the production ami stability of colloids ; the 'con- 
nection between the properties of colloids and surface 
phenomena, including in particular surface concentration 
and adsorption in gases and^solutions. If justilication is 
'beedq^ for dealing with the properties of colloids before 
detailing the methods of pieparation, it may be found in 
the fact* that although ob\iousI}* colloids were obtained or 
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prepared before tlieir properties could l)e asceftaiiied, tlio 
Ifltter wore earlier |iade the pbject of scientific investiga- 
tion. . Tlifis, while at first the production of a new cdloid 
was of the nature (ff an accident, their general bekavioifi’ 
was well made out 014* these natural or accidentally 
liscovered colloids. Not until these general properties 
lad bceji recognised did it become possible to treat 
jyateniatically the methods by which colloids might bo 
)roduced and preserved. This, indeed, has only been done 
within the hist few years by von Weimarn. The order 
idopted in the text is therefore — 

I. The General Properties of Colloids (sols and gels). 
TI. Tlie M(d.hods of Preparation. 

III. Surface Piienomena and Adsoiption. 
lY, Ajiplications of Colloid Chemistry. 



CHAPTER ri 

GENERAL DIFFERENCES BETWEEN SUSI’ENSOIDS AND, 
EMULSOIDS 

Introduction. — Susj^ensoids are usually defined as sols in 
which the disperse phase is solid, while in emulsoids it is 
liquid, the dispersion medium being in each case liquid. 
Now this alone will not account for all the divergences 
between them. It is, indeed, nob impossible that in both 
the disperse phase is liquid. Apart from the theoretical 
considerations, based on the optical behaviour,^ which are 
in favour of spherical particles, there are many facts which 
point to the same conclusion. 

In many of the methods of preparation, there is every 
scope for Ostwald’s “ Rule of the appearance of the least 
stable form.” As has been shown time and again, when 
a new 'phase, which is finally solid, makes its appearance 
suddenly, whether from vapour or solution, it appears first 
as a liquid ; it may run through many intermediate (labile) 
forms before reaching its final solid form. Sulphur, for 
instance, forms globules, which crystallise later. Crystal- 
lisation as spherolites is well known. Even in the case 
of some metals, eg. burnished gold, silver, the surface 
layer has been found to bo of the nature of a liquid film.2 

The difference must, therefore, bo sought elsewhere. 
Quincke long ago expressed the opinion that what we 

‘ Maxwell Garnett, Phil. Trans., 1904, 203, 385; 1906, 205, 237, 

• Betlby, Proc. Boy. Soc., 1903, 72. 218. 
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now call emiilsoids were two-phase liquids, each of which 
contained both dhmponento. Gelatine sols contain 
amicrons o^'nly at high temperatures, while subinicrons 
appear at lower temperatures; the same occurs* with 
agar sols. Hardy ^ investigated agar, and found that, by 
pressing out liquid from the gel, two phases were obtained, 
which contained agar in different amounts, e.g. 


Agar gel (2-23 per cent. agar). 


Temp, 

Concentration of Agar, 
Liquid. Solid, 

30'* 

0 47 

3-2 

ir 

0T2 

4-7 

5“ 

0-00 

3-0 


Spiro also regarded the “salting out’' of albumin as a 
srparation into two liquid layers, each of which contained 
allthice components, but in different proportion?. 

In siispensoids, on the other hand, we have a disperse 
phase, solid or liquid, which does not combine with the 
dispersion medium, and is practically insoluble in it, e.g, 
the metals, sulphur, metallic sulphides, etc. The hydrox- 
ides can combine, more or loss, with water, and are more 
like emulsoids in many re'jpects. 

Emulsoids may then bo regarded as intermediate 
between suspensoids and solutions, and may in some cases 
be solutions of substances of high molar weight. Some 
evidence of this will bo found below (see eg. Optical 
Properties). The behaviour of silicic acid also points in 
the saftie direction ; when first made by the action of 
hydrochloric acid on water glass, it is in true solution, 
as shown by its optical properties and its diffusion.* 
Graham found that 5 per cent, dialysed away in 24 hours, 
and tlnirt no further loss occurred in the next four daj^.2 

‘ Proc. Roy. Soc., 1900, 66, 95. 

* Phil. Trarw., nSCl, 151, 183, 
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Tac soluble acid» changes with time into a sol, in which 
Zsigmondy found ami crons* only. FJ;en this diffLises to 
some extent (see below) and has a distinct osiiiotie pres- 
sure ; 'its viscosity, too, increases continuously until gel is 
formed. Many dyes exhibit similar anomalies ; methyl 
violet diffuses rapidly through parchment paper, but has 
abnormally high molar weight, and, in the ultramicro- 
scope shows a light cone together with a few sub- 
microns. 

Many other instances might be given, in which there 
are evidences of the existence both of solution and of 
sol, but one more must suffice. Casein is an acid sub- 
stance, insoluble in waten*. It com1)ines with a fixed 
proportion of alkali, and is then soluble. This solution 
possesses a good electric conductivity, which changes 
normally with dilution, but it does not diffuse tlmoiigli 
parchrQcnt paper. Its molar wciglit, based on its con- 
ductivity andits combining weight with sodium hydroxide, 
is estimated ^ at 5000 ; a substance witli this molar weight 
should diffuse fairly well (sec below). 

This fundamental difference between suspensoids and 
cmulsoids finds expression in many of their general pro- 
perties, and most of all, in those properties which undergo 
marked changes as the result of solution ; such are density, 
viscosity, and surface tension. 

Density. — The density of suspensoids can be calculated 
by the law of mixtures, as Linder and Picton ^ proved for 
arsenious sulphide sol. 

Density 


AsjSj (per cent.', Observed. Caleulatcd.' 

4-4 1 0113810 1 033810 

2 2 1;01G880 1-016905 

1-1 1-008435 1-008440 

0-01719 1-000137 l-000f34 


‘ Sackur, Zeitsch. physilml Chetn,, 1002, 41, G72, 
• Che7n. Soc. Journ., 1805, 67, 71. 
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TJi0 densities of enuilsoids do not appear to have been' 
\Ieterrained accurately, but contraction occurs when 
golatifto and starch take up water {i.e. the vcdurne of 
starch -f* volume of wat^r > volume of sol). When a 
ferric hydroxide sol is* precipitated, there is a slight 
lilatation,! wliereas tlie volume of an arseiiious sulphide 
jol is unchanged. 

•Acchrding toGayda,* the density of albumin is 1’299 ; 

L volume contraction takes phuje on solution, and also a 
iliglit contiactioii on dilution of a concentrated solution. 
Jhick and Martin ^ give tlie density of dry casein as 
* 318, tlie density of a 7’85 per cent, sol is r024, which 
gives 1 39 for dry casein. Similar results were obtained 
with egg albumin and scrum albumiti. 

Surface Tension.—Linder and Ticton found the surface 
tensi(m of arseiiious sulphide sol and Icrric hydroxide sol 
to be the same as that of water, and the same is .true fur 
metal sols. 

The surface tension of cmulsoids is, in many cases, 
much smaller than that of water. Quincke^ gives 
numerous examples; thus, the surface tension of dilute 
sol of egg-white is 28 per cent., and of gelatine 12 per 
cent, less than that of water. 

In accordance with this difference, suspensoids are not 
adsorbed, as a rule, while emulsoids usually are. (See 
Adsorption, Chap. XVI.) 

Viscosity. — As the concentration of most suspensoids 
is small (Zsigmondy’s gold sol 012 per cent., arsenious 
sulphide sol 4’4 per cent.; these are maximum concen- 
trations ; metal sols are usually below 0 05 per cent, 

^ Chem, Soc. Journ., 1895, 67, 71. 

• Biochem. Zeitsch., 1912, 39, 400. 

• Koll, Zeitsch., 1913, 12, G9. 

• tried, inn., l885,[iiij 35, 582. 
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' and the olhers balow 1 per cent.), their viscosity is not 
likely to differ greatly from iihat of they'd ispersion medium.' 
On J)r 0 cipitation, the viscosity is usually found to hQ slightly 
Uecreakd, ^ 

The concentration of emulsoiJs is not so restricted, 
and their viscosity is often much greater than that of the 
medium; it also steadily increases with increase of con- 
centration, as the following figures * show;—- * ” 


Sol 

Concentration 

t 

Viscosity 

Gelatine • 

. 1 % 

20° 

0-021 

>« • 



0*037 

Eyg-wliitc 

. i-c 

17*5° 

00115 


• 2 9 


0*0125 

Silicic acid 

. 0-81 „ 

20° 

0 012 


. 0-99 „ 


0*016 

v 

. 1-96 „ 

u 

0*032 

ii 

. 3-67 „ 

»> 

0*165 


The viscoMty of water at 17*5° is 0*0120, and at 20° 
it is 0*0120. Pauli 2 gives the viscosity of 1 per cent, 
albumin as 1*068 (water — 1). As both those results for 
albumin were obtained by the capillary tube method, it is 
not easy to reconcile the differences found for albumin. 
The swinging disc method applied to emulsoids is known 
to yield values which are invariably higher than those by 
the capillary tube method. The difference may amount 
to 10 per cent. This and other peculiarities of the results 
of the swinging disc method are explicable on Quincke’s 
assumption, which Garrett also adopts, of two liquid 
phases, each containing both components. 

Ferric hydroxide sols also give a difference in viscosity, 
as determined by these mej^hods. 

J^auli observed that the viscosity of albumin sols is 

> Garrett, Dissertation, Heidelberg, 1903, p, 61. 

* KolloidcJiemwhe Stvdief* am Eiweiss, 1908, p. 2, 
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diminished by small amounts of neukal salts (Fig. 1); 
•while it is greatly* increased by both a^jids and alkalies, 
ft is ‘increased 18 per cent, by O'Oln HCl, or by O'OSn. 



NaOn. The effect of neutral salts is attributed td adsorp- 
tion, that of acids and alkalies to chemical changes (in the 
direction of solution). 

There are, according to Wo. Ostwald,^ several other 
factors alTecling the viscosity of emulsoids, e.y. dispersity, 
hydration or solvation of the particles, electric charge, 
previous thermal or mechanical treatment, addition of 
small amounts of more viscous sols, and time (p. 121). 

Ilatschek assumes that part of the dispersion medium 
is bound by the disperse phase; tliis leads to u' = 
»](1 i- ac -}• fjc”). As Wo. Ostwald ^ points out, this is in 
agreement with the solvation theory, which leads to a 
similar expression for the osmotic pressure of emulsoid 
sols. 


‘ Roll. Zcitsch* 1919 , 24 , 7 . 
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DIFFUSION AND DIALYSIS 

In the coiiise of his experiiiK'nts on liquid diffusion, 
(Iraham found that solutions could be divided into two 
classes, according to their rates of diffusion. Salts and 
crystalline subBtancos generally (crystalloids) had diffusion 
coefficients of the same order, while certain non-crystalline 
organic substances (colloids), as starch, gum, gelatiut;, etc., 
and some inorganic substances, diffused at a very slow rate, 
or not at all. The division was not very rigid, for the rates 
of diffusiofi in each class varied within wide limits. 

On extending his investigations to the diffusion of 
solutions into a gelatine gel, he found the two classes 
were more shaiply differentiated, in that the diffiLsion of 
crystalloids in the gel w'as practically the same as in 
water, whereas that of the colloids was reduced to a very 
small amount, and in most cases was entirely prevented. 
Thus, the diffusion of a 10 per cent, solution of sodium 
chloride into water, and into a 2 per cent, gelatine g(d 
w^ere the same, as the following figures show : — 


Number o£ 

Water 

2% gelatine 

layer. 

7 days at 'J*. 

8 days at 10'* 

1-2 

0*030 

0*030 

3-4 

0*079 

0*001 

5-0 

0-215 

0 212 

7-8 

0*^29 

0*562 

9-10 

1«100 

MIG 

11-12 

1*907 

2*108 

13-14 

2*844 

2*393’ 

1540 

3-294. 

3*450 
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Caramel, on tbe other hand, had •scarcely begun to 
^xffuso into the ^latine at* the end of 8 days, so that 
no sfmiljir table f|^r it is possible. Gelatinised starch, 
gum, and coagulated ^ill^umin, also had very little effect 
on the rate of diffusion bf crystalloids. 

It will be noticed that the two series of figures arc b)’* 
no moans identical, or even i)arallel, although Graham 
cohclulled from them, and from other similar results, that 
diffusion of crystalloids is not hindered by gelsff 

In the further modification of the diffusion experiment 
suggested by tliese results, the solution is separated from 
the pure solvent by a thin layer of colloid, such as a sheet 
of parchment pai)er or animal membrane. The differences 
between crystalloids and colloids were again observed, 
and in a more marked degree. The forwier readily diffused 
through sueli a septum, frequently with undiminished 
velocity, vdiile the diffusion of the latter, already small, 
was still further reluecd. The connexion between the 
two phenomena is clearly shown by the figures below, 
compiled from Graham’s results: — 

Times of eijual Amount dialy.sci 


Substance. 

Jbllubioij, 

lu cnual times. 

Sodium chhuide . 

. . 1 

1-0 

-Aminoiiia . . . 

..00 

0*85 

Alcohol . , . 


0-47 

Glucose . . . 

;; 

o-:.)0 

Cane sug:ir . . 

. . .‘5 

0-47 

Gum arabic . . 

. . 7 

0 008 

Tannin . . . 

. . 11 

0 015 

Albumin . . . 

. . 21 

0 002 

Gfiramel . . . 

42 

0 005 


This process, which obviously permits of tho^ con- 
venient separation of crystalloids from colloids, is knou n 


Graham, ExperUhieyital Researches, p. 598, 
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'as dialysis. Tla? apparatus employed by Graham co]|i- 
sisted of a shorty wide glaife cyliudA*, or of^a wooden* 
hoop, on which was tied a sheet of bladder, or of l)arch- 
ment paper. The dialyser was .floated in a larger vessel 
containing water, which could lie renewed from time to 
time. This form of dialyser is not at all convenient. 
The interface, on which the rate of dialysis must depend, 
is relatively small ; again, the solutions to bo dialySed, 
frequently of a very unstable nature, are exposed to 
atmospheric influences for prolonged periods. 

Various practical forms of dialyser arc now obtainable. 
Tubing of parchment paper may be had in any length, 
and is obtainable from any instrument dealer. It should 
always be tested for leaks, which can usually bo closed 
up with gelatine, or with white of egg, which is then 
coagulated by heat. Pefore use, the tubing should be 
well purified by soaking it, inside and outside, in many 
changes of pure water. Inattention to this important 
detail is accountable for many imdesircd results, especially 
in the dialysis of sols which are coagulated by minute 
traces of certain salts. In the dry state the tubing is 
liable to crack, and should bo well soaked before use. It 
can then be bent into a U, and placed in a beaker; if 
the U-tubo projects a little above the edge, a slow 
stream of water can be run through the beaker. With 
the large surface and the constant renewal of the water, 
dialysis is rapid. As the ends can be closed with corks, 
or folded together, the risk of contamination or decompo- 
sition is much reduced. 

• For small quantities of*substance, and for substances 
like albumin, parchment* paper thimbles, as made by 
Scllfeicher and Schull, are very convenient. They may 
be mounted in the following way : slip the open end over 
a carefully fitted glass tube, filing it by means of a short 
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j)iece of good rubber tubing. This jc^nt is quite watef- 
• proof, and the rubfe does not come in contact with the sub- 
stance. ^he tubes are clamped in a beaker, so that the 
thimbre is completely iipmerscd ; the water is constantly 
renewed in the beaker. • The whole tube can be sterilised 
and the glass ends can be plugged with antiseptic cotton* 
wool. *With these thimbles the author has dialysed 
ci^’staTlised egg albumin until it was electrolyte-free, 
without fermentation occurring, even in summer. 

liecent investigations have sliown that parchment 
paper is not tlie most efficient septum. It is slower, and 
may not only retard the diffusion of the crystalloids, but 
may also allow the colloid to escape. Collodion films, if 
suitably prepared, are highly efficient, effecting separations 
more completely in much less time than does parchment 
paper. They should be made when required, and can be 
made of any desired size or shape ; the degree of perme- 
ability can also be varied to suit given re*quiremeuts, by 
a simple alteration in the manipulation. Full instruc- 
tions and bibliography are to be found in a paper by 
Bigelow and Gemberling; ^ but the following details will 
enable anyone to make them. 

The collodion solution is made as follows : 75 c.c. of 
ether are poured over 3 g. of commercial pyroxylin in 
a corked flask; in 10-15 minutes 25 c.c. of ethyl alcohol 
are added. The pyroxylin dissolves quickly and com- 
pletely to a clear liquid, which does not require filtra- 
tion.* 

To make a sheet, pour a few c.c, of the solution on 
a clean, dry glass plate, and fii)read it by tilting to and fpo. 
Allow the layer to dry until ikis gelatinous, and will bear ^ 
lightly rubbing without wrinkling. Loosen the edgeufand 
peel off. Plunge into water. Larger sheets of uniform 
‘ Amer. Chem, J., 1907 , 29 , 1676 , 
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thickness can be ftiade by pouring the collodion on to ^ 
surface of mercury in a shallow dish. ^ 

To make a collodion sac proceed as follows : A Ijmall 
orifice, 1-2 mm. in diameter, is i)lown in the bottom of a 
tube of the desired diameter. Tliis hole is closed with 
•one or two layers of collodion, none of which should go 
inside tlie tube. This can be done by touching thd bottom 
of the tube with a cork wet with collodion, allowing^ a 
portion of tlie solvent to evaporate, and repeating as often 
as necessary. The tube is then coated with collodion by 
rotating it on the surface of the collodion, which is in a 
tilted vessel. The tube is exposed to air until the coating 
has “set,” and does not stick to the finger; it is then 
plunged into water, and water is also poured into the 
tube. If it is immersed too soon, the film is white, 
opaque, and brittle ; if too late, the film cannot be removed 
without .injury. The proper time, between 2-15 minutes, 
dejiends mainly on the consistency of the collodion ; it is 
easily found after a few tiials. The sac is removed by 
blowing into the tube and gently pulling the membrane; 
this forces water through the orifice and between tlie sac 
and tube. They can easily be made up to 40 cm. by 
2-3 cm. 

A very convenient and effective collodion dialyser is 
obtained by soaking a dried Soxhlct thimble in the above 
collodion solution, allowing it to set, and plunging it into 
water. The thimble is cemented to a glass tube by means 
of collodion, and is then inserted in a glass tube whicfi just 
admits the thimble. Highly pure water is run in at the 
bftttom of the jacket at a vwy slow rate, and escapes by 
a side tube close to the top. Dialysis is very rapid and 
complete ; e.g. the electric conductivity of a ferric hydroxide 
sol, pre.pared by Kreke’s method (p. 199), fell in 2-3 days 
to a value much lower than an^ hitherto recorded. 
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For dialysis to be rapid and at theotime time efljoient*, 

• as also in tlie caA of nltrailtration, the permeability of 
the colloffiori should be adjusted to tho particular sdl for 
which ft is to be used. Jii the above process this is at- 
tained by varying the twne before ])lunging the film into 
water. Frobably the method of W. Frown ^ is the most, 
satisfactory one yet introduced. So soon as the 4 per 
cent, (alcohol -ether) collodion film has begun to set 
(whether formed on a glass tube or impregnated in a fd ter 
paper capsule), it is immersed in acpieous alcohol of 
definite concentration, and left there for some hours. The 
greater tho concentration of alcohol the more permeable 
is the film. So uniform is the permeability regulated by 
this means that tho alcohol penumtage can be used an 
index. 

The method of preparing ultrafilters described by 
Wo. Ostwald ^ (p« ought readily to be adaptable to 
botli dialysis ami osmotic pressure determirtatioiH. 


'i imp of nisl^s'n Sppcillo Comluctivily (« ' ■ Id'’). 


in days. 

(Jold-l)p.itoi’H skm. 

Colloihoii. 

I'aiUimeiit 

0 

981 

9Hl 

981 

1 

305 

dm 

8)0 

2 

HI 

208 

4(il 

4 

55 

lOJ 

25G 


30 

85 

15.) 

10 

23 

2G 

47 

12 

11 

21 

43 

17 

8 

11 

15 

19 


11 

11 


A compari.son of the clficieucy of collodion, parchment 
pa[)er, and gold-beater’s skin will be found above. The 
last-named material is the best yet used for dialysis, and 
parchment paper is the worst, although it still seems to bo 
the one most frequently employed. As a test, a Zsigmondy 
gold sol was dialysed in tkrec dialyscrs of identical 

' hiochem. J., 1915, 9, 591: 1917, 11, 40. See also 
1915, 9. 284. 

Koll. Zeitsch., 1913, 22, 72* 1918, 23, G8. 
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pattern antt size, Rie septa being gold-beater’s skin, col- 
lodion, and parchment papen The rate of dialysis was 
follo^tmd by determining the specific conductivity (k) 
e'^ery 24 hours. 

The undoubted superiority of gold-beater’s skin is 
pbvious. If a time-conductivity curve is drawn, counting 
in each case from the conductivity 11, it will be sgen that 
it takes about the same time (G -7 days) in each Case, do 
reduce the conductivity from 30 to 11, all the differences 
occurring in the earlier stages of dialysis. 

Membranes made from pure sani[)les of collodion are 
more durable, and als(j more permeable, than those made 
from commercial samples. In any case, tlie pcrmeal)ility 
decreases with age, but, as a rule, a film is useful for one 
to three months. 

Dialysis is the basis of one of the general methods of 
preparing sols. It was also for a long time the generally 
accepted criterion of a sol, i.e, a substance, which to all 
appearance was in solution, but yet was unable to diffuse 
through a dialyser, was classed as a colloid, and the 
apparent solution as a sol. 

It should bo particularly observed that Graham’s 
results do not show that, as has occasionally been assumed, 
there is no diffusion and dialysis of sols. Though his 
classification into crystalloids and colloids is based upon 
the differences between them in this respect, he every- 
where gives figures for the dialysis and diffusion of 
colloids ; indeed, in the same paper ho states in this Very 
connexion, “in nature there are no abrupt transitions, .and 
distinctions of class are neve^; absolute.” 

It may have been convenient to disregard the tran- 
sitioiis, and to regard colloids as non-di (fusible, but recent, 
mor^ accurate investigation has confirmed the correctness 
of Graliam’s view, and his experimental results, qualita- 
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lively at least. Thus, liinaer and Pictoa ^ found that an 
^^enious sulphide |ol diffuse to a considerable extent. 
After 11 (fays, the outer vessel contained OT185 g*. of 
arseniouS sulphide 1[n 350 c.c. of water, and the*innef 
cylinder contained 0‘821(f g. in 77 c.c, Furtlier experi- 
ments with carefully purified sols gave similar results. 
Again, in another direction, Bechhold and Ziegler ^ have 
•foun^d tl»at the diffusion of both electrolytes and non- 
electrolytes is (liminislicd by gels, the effect depending 
on the concentration of the gel. The addition of various 
substances to the gel causes further alteration in the rate of 
(lilfusion; some, c.y. sodium sulphate, reduce the diffusion 
still further, others, as urea, incrciase it. As many other 
properties of gelatine (and other gels) are changed in 
opposite directions by those substamajs, this is probably 
another illustration of this inllucnce (see Lyotropo series, 
pp. 7 and 125). 

Tinally, the presence of crystalloids in a «ol often has 
a marked influence on the dialysis of the sol. For 
instance, a silicic acid sol will diffuse through parch- 
ment paper if mixed with sodium (fiiloride. The fairly 
rapid diffusion of some sols may be due to this influence. 
The disperse phase will adsorb small amounts of the 
crystalloids, and their presence may cause diffusion. 
Linder and Picton noticed that an arsenious sulphide sol, 
to which a soluble tartrate had been added, diffuscil 
appreciably into water, although the particles were so 
large as to be just visible under the microscope. Or, 
perhaps, this also may be another instance of lyotrope 
influences. 

The theory of the r>rownian movement leaves no 
room for doubt that sols diffuse, the difference betw(j^;n 
colloids and crystalloids being one of degree only, 

' Chem. Soc. Jourm, 1892 , 61 , 187 . 

Zeitsch, physikal. Chem., 1906 , 66 , 105 , 
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OSMOTIC rUESSUKE AND MOLAR M'EICIIIT 

Closely connected witli the question of dialysis tliat of 
osmotic pressure, for, as is \vell known, direct measure- 
ment of osmotic pressure depends on the impermeability 
of the membrane by the solute, while the solvent can 
freely pass through it. The most important ap[)lication of 
the laws of osmotic pressure is to the determination of 
the molar weight of soluble, non-volatile substances. This 
was done by van ’t Holf, who ])roved that the gas laws 
could be quantitatively applied to dlluic solutions, osmotic 
pressure taking the place of gas pressure, and volume of 
solution the place of gas volume. Tlius the formula for 
calculating molar weights, which was previously limited 
to gases and Volatile substances, was at once extended to 
all soluble substances. 

But before entering into details of the osmotic pressure 
of sols, and the attempts to deduce the molar weight of 
colloids from the related methods of depression of freezing 
point, etc., it is of interest to note that Graham, from 
purely chemical considerations — for these other methods 
were not known until twenty years later— had been led to 
assign high molar weights to colloids. It seems not at all 
unlikely "that this idea, thus early expressed, dominated 
later research in this direction for many years. 

From the fact that sols of ferric hydroxide and 
aluminium hydroxide, prepred by dialysis of tho. basic 
chlorides, could not be entirely freed from chloride, how- 
ever prolonged tlie dialysis, Graham ^ concluded that' they 
were compounds of (condensed) bases of very high molar 
weight, and deduced the chemical e(piivalent of tho base 
in ‘the usual manner from the ratio of base to acid, whicn 
he ‘had found to be approximately constant. After 19 
I Graham, Expermmtal iSiescarcUs, pp. 596. 
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days’ dialysis, there was one equivalent (ff IICl lo of 
after 3S daj^ there ^v‘^s one eqiuvalent of HOI 
to 31*2 ol' Ci’aOj; similar ratios were Youiid for otlier 
similar sols (see p. *108). Similarly, the gels of silicic, 
acid and stannic acid 4ire dissolved by very small 
quantities of alkali, c.g* 1 part of sodium hydroxide 
liquefies 200 parts of silicic acid gel, and the acid reaction 
of 100 parts of the latter is neutralised by T85 parts of 
•potassium oxide. 

These compounds of acids or bases of high chemical 
cipiivalencc were distinguished by the prelix “colli” or 
“co.” Graham suggested that “the basis of colloid- 
ality may really be this composite cliaracter of the 
molecule.” ^ 

Osmotic Pressure. — Pfeifer, in bis classic researches 
on osmotic pressure, gave measurements of the i)ressure 
of some sols. The values are small in com})arison with 
those for other substances. Thus the pressures of 1 per 
cent, solutions of the following substanc(‘S‘ are — 
Potassium sulphate . Ih3 cm. mercury, 

„ nitrate . . 178 „ *„ 

Cane sugar .... 47 „ „ 

Dextrin Ulo „ „ 

Gum arabic .... 7'2 „ „ 

That this is a real pressure, in the case of gum at least, 
is supported by the proportionality between concentration 
and pressure, as the following iigurcs show : — 


c 

P 

pIc 

1 

7-2 

7-2 

18 

Uffi7 

C-7 

>> 

120-4 

09 

Whether this 

is to be ascribed to the colloid itself, or 


to impurities not completely removed from it, has long 
been a debatable question. On the one hand, there should 
be less difficulty in deterrainiiig the osmotic pressure of 
sols than of solutions, for it is ^lear that semi-permeable 
membranes are much more impermeable by colloids tlftiu 

* Graham, Experwiental Researches, pp. 532, 59G. 

^ Osmvt. XJntersuchwnfen, Leipzig, 1877- 
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by electrolytes 6c ordinary solutes. This difference would 
lead to dialysis, of the imprrities, in « onsequence of which 
the osmotic pressure would steadily fall ^iurmg the 
'experiment. Further, a sol prepared in different ways, 
and possibly containing diffe.'cnt impurities, would be 
expected to have different piessures, according to the 
' nature of the impurities. 

This is not at all what is observed. Different prepara- 
tions of a sol moy have dilferent initial osmotic pressures, 
but they fall to the same final value, which is not zero, 
but a definite positive value. It is usually small, but is 
too largo to be put down to experimental error. It may 
be due to a small residue of electrolyte or other active 
solute which cannot be removed by dialysis, but in this 
case it must be regarded as something otlier than an 
impurity, rather as an essential constituent of the sol (see 

p. 108). 

According to Einstein,^ the osmotic work varies 
directly as the number of particles, whether ions, molecules, 
or particles, in unit volume ; therefore (> X 10^^ particles 
( A vogadro’s' number) in 1000 c.c. of dispersion medium 
will give an osmotic pressure of a molar solution, ie. of 
22*4 atmospheres. Svedberg^ estimates that to have this 
osmotic pressure a gold sol, with particles of 1 ix/j, would 
contain 50,000 g. cf gold in 1000 c.c. ; or that a 1 per cent, 
gold hydrosul, with particles of 1 n/n, is a 1/200,000 molar 
solution, corresponding to an osmotic pressure of 0 00045 
atmosphere = 0’d4 mm. mercury. 

Suspensoids. — Direct measurement of the osmotic 
pressure of suspensoids gives very variable values, which 
are always small. The reason for this want of concord- 
ance is not very appareirt. Terriu’s experiments ® on the 
arrangement of the particles of a gamboge sol ui/der the 
action of gravity and its own osmotic pressure, based 
upon the kinetic theory, afford an estimate of the osmotic 
'pressure, since all the other factors are known. The 


r^ation is log wliere Uq 


and n are the 


Vhtpik, rJ05, \\v ] 17, rAO. * Ber., 1914, 47, 23. 

* CoTnj)t. Bend., 1903, 1^6, 967 ; 1903, 147, 530. 
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number of particles^in unit volume in t?io layers at the 
heights 0 and h, 7 ^ is the mass and p. the density of 
the paf tides, g is the gravity constant, and k is the 
osmotic pressure of a* ** single particle in unit volume. • The* 
value of k is 4l> X 10“^^. On the assumption that this is 
the same as the pressure hxerted hy the particle as a gas 

or solute, k = being the number of molecules in a 

*mol (6 X* 10“'^). If K is calculated from these values, it 
comes to 2T cal. (instead of 1’98 cab). The molar weight 
of gamboge calculated from these data is 3 x 10^. 

If use is made of Tliovei’t's ^ relation, ]\I x 1)'^ = con- 
stant (GO X 10'^*^), the molar weight of arsenious sulphide 
calculated from the diffusion constant 0*1 X 10"^ is over 
GOOD. 

Emulsoids,— The molar weiglit of albumin calculated 
in the same way from (Iraham’s value of !) = 0’07 X 10“'^ 
a: 13^ is 13,000. This molar weight corresponds to an 
osmotic pressme of about 7 mm. mei'cury {= 100 mm. 
water), which ouglit to bo measurable. With the greater 
difl’usion of emulsoids in general, there is also a greater 
osmotic j)ressure, and recently direct measurements have 
been made. The osmometer membrano is usually col- 
lodion or parchment ])aper. Convenient forms of apparatus 
have been described by Moore and Itoaf,’-^ Bayliss,'* and 
Fouard.'^ The following results may be of use: — 



Conceiilr.'Ki.iu. 

O'-niotic ptossuie. 

Molar 

Snl. 

g. j>fii lure-. 

uiiu. nicmiry. 

weight. 

Egg albuiuiu'* 

. . . 12-5 

20 

11,000 

Gclatiiio 

. . . 12-5 

6 

36,000 

Starch iodide “ 

... 30 

15 

34,000 

Dextrin ’ . . 

... 10 

165 

1,000 

Gum arabic ' . 

... 10 

72 

2,400 


Probably the best values are obtained from the diffu- 
sion-constants and the above relation of Thovert. The 


* Cmipt. Bend., 1901, 133, 1197 ; 1902. 134, t07; 1902, 135, 579. 

* Mooro and lloaf, Biocliem J., I9fk3, 2, 31. 

* Bayliss, Proc. Roy. Soc., 19059, 81^ L- '9. 

< Fouard, Bull Soc. Chun., 1911,9, G37. 

* Lillie, Amcr. J. Physiol, 1907, 20, 127 ; see also Mooro and IldSf, 
Biochem. J\, 1906, 2, 34. 

** Rodowald, Zeitsch. physikal. Ghcvi , 1900, 33, 586. 

’ PfoUcr, Osmol. UnkrsucUun^n, Loii).;ig, 1877. 
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diffusion constants of several albumics and enzymes have 
been accurately determined by ner;f)g.^ The results are 
as follows : — 


Suh^tam'p. 

Dal 18\ 

‘ M.W,.-- 

Fgg albumin . ■ 

. 0 059 
. 0 014 

17,000 

Ovomucoid . . 

30,000 

Clupcin sulphate 

. 0 074 

11,000 

Fopsiu .... 

. 0 070 

12,000 

Lab 

. 0 000 

14,(X)0 * 

Invcrtin . . . 

. U-03:i 

54,(X30 o 

Km nisi 11 , , . 

. 0 036 

40,000 


The osmotic pressure of emulsoids has been sliown by 
Wo. Ostwald and Miindler*'^ to be complicated l)y the 
imbibition pressure, the observed pressure being made up 
of the real osmotic pressure, and that due to combination 
with the dispersion medium (solvation). The general 
formula is r„,„ = lo + 1^2 = l^Tci + In agree- 

ment with tiiis, lliltz'^ found that tlie molar W'eight of 
tucli-rot in 0 OK' to 0 009 per cent, solution, varied 
irregularly betw^een 040 and 2200, while the direct osmotic 
prcssifre of, gelatine varied 10-20 per cent. The molar 
weight of dyes, dextrin, etc., calcuhited from the osmotic 
pressure, systematically increases instead of decreasing, 
as is the case with sugars, etc. This is ascribed to 
internal changes of condition, formation of aggregates, ie. 
decreased dispersity, or to the affinity for water (solva- 
tion) being less than the affinity for other particles 
(aggregation). There may be a minimum value of cjp at 
moderate concentralions, as in the case of Prussian blue, 
gum arable, achroodextrin. 

The value of n is usually near 2 ; for various dispersoids 
it is— 


Ferric hydroxide . ... 15 
Thorium „ .... 2-3 

(loppor ferrocyanido . . 10 

Congo blue 1’3 

llubbor 2 5-3t< 


Laminaria + 4'1 

riclatino -f- If./) , . , . 3T 

Sucrose 1-8 2';J 

(llucosG 19-2'5 

Lactoso 3 0 


Freezing Point, Boiling Point, Vapour Pressure. — It is 

or 

* * Zntsch, Klcktrochem., 1007, 13, 533. 

2 Koll Zeitsch., 1910, 24, 7. 

^ Zcitsch.Fhy^ikal.Chem., mi, 91; 1913,83,025; 1910,9^,705, 
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quite evident from the above estimates of molar weights, 
Uiat it is useless tj apjdy the ordinary molar weight 
metho(ls to sols. Taking the freezing-point method* as 
the most accurate, .'?iid the one which gives the largest, 
number to be delennincdf an osmotic pressure of 9 mm. 
mercury (= 125 mm. w;fter) corresponds to a ficezing- 
point depression of only O’OOU. Owing to the nature of 
these emulsoid sols, the experimental error is certainly 
•much larger than in oi'dinary cases, and, obviously, large 
concentrations would be necessary to givci a readable 
depression. The question then arises how far such con- 
centrated sols can legitimately be considered to be dilute. 
The determination of the boiling point or of the vapour 
ju'cssuro of these sols is attemled with quite unusual 
(liflicullics, the nature of which ne('d not be sj)ecified, the 
more so as no useful est imate of molar weight is afforded 
by them, in ])articular solvatised colloids, as starch, 
oelatine, have abnormal ly small depressions of freezing 
point, boiling point, and vapour pressure. 



CHArTER V 

OPTICAL IMIOPKUTIES 

Macroscopic Observations.— The heterogeneity of a coarse 
suspension is usually at once apparent to tlio unaided eye, 
because of its opaque appearance in transmitted and in 
reflected liglit. As the size of the particles decreases, so 
too do these effects. We thus have all gradations 
between opacity and absolute transparency, wlien judged 
by the naked eye. Frequently, however, tlie lu^terogcneity 
is still phservable when a powerful beam of light is sent 
through the "liquid. This was noticed by Faraday* to 
bo the case with the gold sols prepared by him. When 
the sol appears to bo quite clear in ordinary liglit, the 
appearance, when a concentrated beam of light is scut 
through it, is similar to fluorescence. It dilfers from 
fluorescence in that the light is polarised in its passage 
through the liquid, which is not the case with fluorescence. 

Tijndall Effect . — This phenomenon is usually known 
as the Tyndall Kflect, as Tyndall 2 applied it first with 
good results in the case of dust and mist in the atmo- 
sphere. The light is mainly polarised in a plane normal 
to the path of the beam, but the amount of polarisation 
find the angle depend on ^he size of the particles. The 
extinction with a crossed^^Nicol prism is therefore only 
easily observed when the particles are of approximately 

' * Phil. Mag., 1857, [iv.] 14, 401, 512. 

• Phil. Mag., 1869, [iv.] 37, 384 ;*P/-oc. Roy. Soc., 1869, 17, 223. 
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uniform size, and the corresponding aiigle«(SOUght‘ out. If 
the particles are bela-4^ 100 /li/a in diameter, the polarisa- 
tion is •complete, and the angle is 90°. Tlie Tyrnkill 
Effect is Easily seen if a small rectangular slit is placed in' 
the focus of a projecting lantern (arc by preference), and 
the beam is passed through a sol in a rectangular glass 
tank. Ly rotation of a mounted Nicol, such as is used 
Tor demonstration purposes in physics, the polarisation is 
readily detected in a Zsigmondy gold sol, or in a good 
arsenious sulphide sol. Eor the reasons given above, the 
clearer the sol is to the naked eye, the better it is for this 
purpose. Even if there is not complete extinction, the 
difference in luminosity as the Nicol is rotated is quite 
striking. The absence of polarisation in the case of 
llnorcscent solutions (quinine bisulphite, very dilute 
eosiu, or fluorescein) should be shown at the same time. 

In the Tyndall Effect we have a powerful means of 
detecting heterogeneity, where even the best* misroscopo 
fails to reveal it. Jhit its delicacy is in actual practice a 
drawback, for it is a difficult matter to obtain an 
*‘opticallij wur’ liquid. The ordinary processes of puri- 
fication : filtration, distillation, are quite useless. The 
only certain way of freeing a liquid from accidental 
heterogeneous impurities is to produce a (colloid) pre- 
cipitate in the liquid in a closed vessel ; the settling out 
of the precipitate carries down all the other suspended 
matter.* Zinc hydroxide, ferric hydroxide, alumiuium 
hydroxide, and barium sulphate are among the most 
efficient precipitates. This action is partly mechanical, 
partly a mutual precipitation ^f sols of opposite electric 
charge (p. 134). 

Obviously this makes the application of the Tynd^l 
Effect to* the recognition of the heterogeneity of sols a 
* Spring, Bull. Acad. R9y. Belg., 1899, [iii.] 37, 174, 
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somewhat' doubtful one. Spring’s ^results show that 
aqueous solutionis of salts ^of the af^alies an^d alkaline 
earths are optically clear, but that ^solutions of salts of 
aluminium, chromium, iron, copper, mercury, etc., are 
never so. The explanation is that these salts are hydro- 
lysed, and the product is not a soluble basic salt, as is 
frequently assumed, but a hydrosol, probably of' the basic 
hydi'oxide, as the Tyndall Eflect disappears wheb acid is 
added. Lobry do Ilruyn ^ maintains that the Tyndall 
l^lffect is produced whenever the molecules of solvent and 
solute are of markedly different size, in support of which 
he cites aqueous solutions of cane sugar and raffinose. 
Although they are usually regarded as crystalloids, the 
solutions show the Tyndall Klfect. 

Colour . — The colour of sols is in many cases very 
striking. Thus Faraday’s gold sols varied from blue to a 
magnificent ruby red; other gold sols range from green 
to violet, silver sols }cllow to green, platiuum sols brown 
to black, arsenious sulphide yellow to orange, antimonious 
sulphide orange to red. As a rule, however, the colour of 
sols is bluish-white, eg. sulphur and mastic, just as fine 
dust and mists in gases arc bluish, in agreement with 
the theory developed by Ifayleigli.^ 

Except in the case of dyes, emulsoids also are bluish 
in colour, e.g. starch .sol. 

The colour of the coloured sols seems to depend to 
some extent on the dispersity, as well as on the con- 
centration of the disperse phase. The method of reduc- 
tion, the amount of reducer added, or the rate at which 
U is added, produce different colours in both gold sols and 
silver sols. Similar changes can be produced by minute 

4 Rec. Trav. chim., 1900, 19, 261. 

« PHI Mag, 1871, [iv.] 41, 107, 274, 447; 1881, [v.] 12, 81 ; 1899, 
[V.] 47, 375. 
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quantities of clectr|Iytes. 'J’hcsc cliangi^ are usually put' 
flown to cl;vuge in ^zc, and, cfniversely, conclusions have 
been drawn as to thj dispersity from the colour of the* sol. 
Zsigmonily’s invcstigatioi^ do not bear tliis out, &3 the 
following table shows. The sizes were estimated by the 
111 train icroscopic metliod (sec p. 5.1). 


Culofir of Gold sol. Average size in jxn. 

Rose () 

Deep red 10, 15, 18, 32 

Violet-red 23, 32, 75 

Violet 2.5, 95 

Plue-violot 54 

Diity blue 30 

Pin pie-red 2>8 


It must be understood that all these sols were practi- 
cally as stalde as the original sol. Tliey could bo filtered, 
dialysed, and k(‘pt for indefinite peiiods without under- 
going any ajipreciable change. Stoubing’^ researches* 
confirm this result. He suggests that the shape of the 
])articlcs is different, as the blue colours obtained by 
adding clcctrclytes are not the same as the colour of the 
oiiginal blue sols. 

But Svedberg’s observations ^ on the alkali metal sols 
in ethyl ether, given below, indicate a displacement of 
the colour towards the red (greater wave-lengths) with 
increased size of pai tides. 


Colour of Ether Sols. 


Mf-'tal. 

Small 
pai tides. 

Largo 

partidcs. 

Colour of metal- 
vapour. 

Id . 

. brown 

brown 

— 

Ra . 

. purple-violet 

Tine 

purple 

K . 

. blue 

byre-green 

blue-green 

Pd) . 

. green -hi lie 

green 

green- blu^ 

Cs . 

.. blue-green 

green -blue 

— . 


> Anyt. Physik., 1908, tiv.] 26, 329, 

* Methoden z. Ilcrstcllung Koll. Los., 1909, p. 481, 
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-In pentane, sodium is reddish-purple*, and potassium is 
blue at —70°, gjreen-blue i,t higher pemperatyres. Tl*e 
colotir is thus displaced in the samei. direction (towards 
Che red) by increasing atomic weight. 

Microscopic Observations. — As the limit of microscopic 
, visibility is about 10~® cm., a sol whose particles are less 
than about 0 15 [jl will not be recognisable even.with the 
best microscoiie (magnification 2250). Schulze ^ was 
unable to detect any particles in arsenious sulphide sol, 
while Linder and Picton ^ observed them in it, but not in 
antimonious sulphide sol. Zsigmondy ^ and Brcdig ^ were 
unable to detect particles in their gold sols, even with the 
highest magnification. 

Particles which are small enough to exhibit Brownian 
movement (10"^ cm.) and are yet visible under the micro- 
scope (10~^ cm.) are termed 7nic rons ; those which fall 
below this limit are suh micmis . 

The Ultfamicroscope. — There is a wide interval 
between the limit of microscopic visibility (015 (jl) and 
molecular dimensions (0*00016 /x, the diameter of a mole- 
cule of hydrogen), within which fall the submicron sols 
and the true solutions, if the latter do not coincide with 
the lower limit. It is possible to explore this region by 
the aid of the Tyndall Effect, but, as already explained, it 
is difficult to apply, owing to its sensitiveness and un- 
certainty as to the absence of accidental heterogeneity. 

The ultramicroscope which renders ultraraicroscopic 
particles visible, gets over this difficulty. Its lower ^imit, 
which is fixed by the intensity of the available light, is 
aJ)Out 5/x/x (5 X cm.), V. about 0 01 of a wave-length 

c 

> J. pr, Chem,, 1882, [ii.] 25, 431. 

* Clicm. Soc. Journ., 1892, 61, 137. 

* Zur Erkenntnis d. Kolhide, p. 79, 

* A7iorg. Fermnte,*g, 27. 
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of light. This give|the lower limit of sfee of submicrons. ' 
Smaller l]pterogen(ius partfbles, whose existence is 
inferred on various pounds, are termed amicrons. 

The principle of the yltramicroscope, on which the* 
various forms of the instmiment are based, is as follows : 
A very thin layer of the sol is Illuminated by a beam of 
light, and* as the number of particles illuminated is small 
*tho light* scattered by each one is not interfered with by 
that from the others ; they are thus seen as coloured discs. 
To render those discs more readily visible, the field is 
kept dark, and, since the intensity of the scattered light 
varies as the intensity of the source of illumination, the 
latter is made as powerful as possible. 

In the Siedentopf and Zsigmondy ultramicroscope the 
light from an arc lamp (or sunlight fnmi a heliostat) is 
focussed on an adjustable micrometer slit, by means of 
which the dimensions of the beam can be varied,at will 
to a known extent. Ttie slit is focussed on a microscope 
objective, from which the beam passes in a horizontal 
direction through the observation cell. This was devised 
by Biltz, and is a rectangular chamber in a glass tube, 
with quartz glass windows on two adjacent sides, one of 
which faces the illuniinatiug objective, and the other 
(upwards) the observing microscope. The illuminated 
layer is a few thousandths of a millimeter in depth. The 
light which is not scattered by tho particles passes 
through the cell, and so a dark ground is secured. 

Th*e dark field is secured by a simple device in the 
Cotton and Mouton instrument. In it the beam is not 
directed horizontally through 4he cell, but in an oblique 
upward direction, so that the main beam is totally reflected 
at the upper cover glass. The drawback to it is that Mie 
illuminated layer is not in one plane, and its volume* is 
not knowm. 
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* The latest fori’h, the cardioiJ ultrai^icroscopo, deserves 
notice, owing to its greater ^iniidicity compafison with 
the original pattern. An extremely (ntorise illumiiiation 
of tlie' particles, and a very dai^k ground are secured by 
the cardioid condenser, the prii(cij)Ie of wliich is easily 
seen from Tig. 2. The Tiltz chamber is replaced by a 
special microscope slide of quartz glass, A circular depres- 
sion is ground in it to a uniform known depth of few /x, 
with a deeper channel at the rim. A small drop of the 



Fig. 2. 


sol is placed in this deiiression, and the quartz cover 
placed over it. The excess of liquid flows into the chan- 
nel, and so the. illuminated layer of known uniform 
thickness is obtained. For general purposes of observing 
and counting the number of submicrons, this cell is 'most 
convenient, but for kataphoretic phenomena {q.v.) the 
proximity of the cell walls may be a disadvantage. 

There are several form* of dark -ground microscopes, 
wlflch dispense with the optical bench and horizontal 
illumination. The illumination is not very intense, and 
their utility is limited to compdtatively large particles. 
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Ultramicroscopil Observations.— Motlcrately concen- 
trated soli show ala rule oifly a brilliant cone of light, 
whichl on dilution |)f the sol, is cither resolved into a 
number of iiidividiril ^ight particles, or reduced in 
intensity until it disapjiiars altogether. The former is 
usually associated with the presence of submicrons, the 
latter wUh amicrous. But there seem to be reasons for 
the. belief that submicrons and amicrous are, to some 
extent and under some conditions, reversibly convertible 
into each other. The usual method of investigating a sol 
is to dilute it with an optically void dispersion medium, 
until the number of submicrons in tlie field of view can be 
counted, and to calculate from that the number of particles 
in the original sol by allowing for the dilution. Some 
recent work by Coward ^ on this point goes to show that 
this, in certain cases at least, may not be permissible. 

Although emulsoids exhibit the Tuulall Klfci^t, some 
indeed being opalescent in ordinary light, their ultra- 
microscopic character is not, as a rule, well delined. It 
may be, as Zsigmondy suggested, that the visibility of the 
particles depends on the dilTerence between the ref i active 
index of the disperse phase and medium. In the case of 
metal sols the difference is very great ; it is not large in 
the case of most emulsoids. It is significant that the 
basic hydroxide sols are, ultramicroscopically, more like 
the emulsoids than the suspeusoids. Other reasons have 
already been given for the view that tliey belong to the 
emulsoids. The ultramicroscope reveals the presence of 
a few submicrons with many amicrous. On dilution the 
light cone is gradually extingtiished. 

Submicrons have been obstrved in albumin, gelatine, 
glycogen, and agar sols. Zsigmondy ^ carefully examined 

^ Trans. Faraday Soc. 1913, 9, 112. 

* Zur ErkennU% d. Kolloule, p. 174. 
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a soluble starcK sol; a 3 per cent, ^boiled sol containec 
amicrons only,* but subn^crons niilde their ^appearance 
aftbr a time. They disappeared agajn on heating. • 

I’he ultramicr()scoj)e does ^not enable us to ’ascertain 
tlie colour of particles, as will Ijc readily understood from 
the explanation of the principle of the instnmient. 



ciHi’TKu vr 

BROWNIAN MOVEMENT * 

Ln J82T U. r>rowi),2 the l)otaiiist, observod under the 
microscope that pollen {trains, when suspended in water, 
were not at rest but in constant motion. They oscillated 
around a mean position, and the movements persisted 
without a]>psrent diminution for an indehnite period. 

This peculiar and chai'actcristie movement appears to 
take place without exception, when a disperse ])hase of 
fairly high dispersity is suspended in a medium wliich 
does not unduly impede it. The up})er limit of size is 
not very large, for particles of about O’Ol mm. djametcr 
just show it. At this dispersity the movemfints are very 
slow, and the distances travelled are very small; they 
increase rapidly with increase of dispersity. At very 
high dispersity (submicrons) the purely oscillatory motion 
observed by Brown is partially replaced by a continuous 
irregular motion through the liquid along a series of 
zig-zag straight lines. 

When Zsigmondy first observed this in gold sols by 
the aid of his newly discovered ultramicroscoj)e, he was 
so impressed by this difference that he regaided it as 
something quite different from Brownian movement.® 

The earlier investigators established the universality 
of this phenomenon, wlien ^ highly disperse phase is 

* An interesting account of the thc#iy of Brownian movement, and 
the size of particles (p. 55) will be found in a monograph by Perrin, 
Brownian Movement arid Molecular Iteahly, 1910. See also Covlpt, 
Rend., 1911, 152, 1165, 1380. 

* Rhil. Mag., 1826,4, 101; 1829, 6, 161; Edin. New Phil. Joun., 1S28, 

6,858; 1830,8,41. ’ Ziir Erkcnntnis d. Kolloide,]^. 107, 
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suspended in a inedium wliicli permij's of tlie motion, i.e. 
whenever a solid, liquid, di’ gas is Ifighly disr^orsed in a 
liqfiid of not too great viscosity, or \flien a solid or liquid 
' is dispersed in a gas. The visc^osity of the medium has a 
marked iiiflueucc, as has also the temperature, increase of 
temperature increasing the path. In spontaneous suspen- 
sion the Brownian movement overcomes the/ action of 
gravity, since a very fine powder covered with water 
becomes uniformly distributed througli the water in course 
of time. Small quantities of alum, linu*, acids caused the 
motion to cease in opalescent liquids, the particles clump- 
ing together.^ 

Many attempts at explanation were made, usually 
directed to fixing the cause of the motion on external 
influences, such as local lieating, or absorption of light 
with one-sided heating, thus inducing convection cur- 
rents, or impurities causing irregular changes in the surface 
tension between the particles and the liipiid. Wiener, ^ 
Gouy,^ and others succeeded in proving that the move- 
ment could not be ascribed to external influences. Its 
persistence in a preparation for years without appiirent 
diminution is irreconcilable with the assumption of acci- 
dental or extraneous causes, as is also the reproducibility 
of the phenomenon, even quantitatively. 

Wiener supposed it to be a consequence of the kinetic 
nature of heat, or, in other words, to be caused by the 
impacts of the smallest particles or molecules of liquids, 
which are in constant motion, on the microscopic grains. 
Similar explanations based on the kinetic theory have 
been put forward by Gouyt,^ Ramsay,^ and others. 

* Schuke, Pogg. Ann., 1867, [ii.] 129, 366. 

• Fogg. Ann., 1863, [ii] 118, 7U. 

» Physique, 1888, 7, 561 ; Gompt. Ben^., 1889, 109, 102. 

♦ Chem. News, 1892, 66, 90^ 
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As seen in the Qiltramicroscope, the ^notion of sub- 
microns is oocillatory Jnd transLitory. The two character- 
istics of* the Browniaif movement are (1) the amplitude* A, 
and (2) tlie period of oseilltj^tion r. The amplitude is the 
distance between the extr(ime and mean positions of the 
particle, and the oscillation period is the time taken by 
the particle to make a complete oscillation, i.e, to travel 
from the 'one extreme position to the other, and back 
again. The velocity v is then given by 

4 A 

V— — 


Tlie amplitude depends in tlio first instance on the 
size. This is shown by the following figures given by 
Zsigmondy ^ for various gold sols. 


Diameter (in 
0 

10 

05 


Amplitude (in /x). 
> 10 

0- 4 (also 20) 

1- 7 


The relation between velocity and size of particle had 
been the subject of earlier inquiry. EKiier^ found for a 
gamboge suspension that, when tlie diameter varied from 
0'4 jLt to TO ft, the velocity varied from 0 ’8 ft to 27 ft per 
second; with a diameter of 3 ft the motion was barely 
perceptible, and totally ceased when it was 4 ft. The 
velocities observed by Zsigmondy and Svedberg in metal 
sols are much greater, over 100 ft per second for particles 
between 10 ftft and 50 fi/z. 

The only other factor of importance is the viscosity of 
the medium ; neither the nature of the particles nor the 
other properties of the liquid ap^ioar to have much effect. 
This is fully established by Svedberg s extensive researches ^ 

^ Zsigmondy, Zur Erkenninis d. Kullaide, p. 107. 

* Ann. Physik., 1900, [iv.] 2, 843. 

• Zeitsch, Elektrochem., \900, 12, 853, 909. 
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on a series of piatimim sols in water[and organic liquids, 
prepared by his method (see p. 2 ^ 1 ). The^ sizes were 
between 40 fiti and 50 fxfj,. An impri^ved method orf obser- 
vation was employed by runnipg the sol at a known slow 
rate through the observation ce^. Tlic particles are then 
seen as curves of light, the amplitude (A) and wave-length 
(A) of which can easily be estimated by means of a micro- 
meter eyepiece. The oscillation period r is giveil hy, Xqtjv, 
V being the volume of sol passing across the area under 
observation, 7 , in the time t As stated before, the mean 
velocity is 4A/r. The following table shows the variation 
in the amplitude with the viscosity 7 } of the medium. 


Medium. 

Amplitude. 
A in /X. 

Ab.-ioliite 

viacosity, 

7 ? X 10», 

At? X 10*. 

9-9 

Acetone .... 

;-M 

3'2 

Ethyl acetate . . 

20 

4-6 

9-2 

Amyl acetate . . 

I'.o 

5-0 

8“9 

Water 

ri 

10'2 

11 

7 i-Propyl alcohol . 

0-7 

22-6 

16 

Isobutyl alcohol . 

O-G 

39-3 

24 

Isoamyl alcohol , 

very small 

43 ’4 



Glycerol .... 

0 

830 

— 


The approximate constancy of Arj shows that the 
amplilude for any fixed size of farticlcs is inversely propor- 
tional to the viscosity of the dispersion medium. 

The oscillation period, calculated as explained above, 
increases as the amplitude increases ; thus 4A/r is a con- 
stant, and is independent of the nature of the dispersion 
medium. This is proved by the following figures of 
Svedberg : 


Medium, 

At>(in ?u). 

T (in ROC.). 

4A/t. 

Acetone . . . 


0'032 

390 

Ethyl acetate , . 

2-0 

0'028 

290 

Amyl acetate . . 

1*5 

0-026 

230 

Water .... 

I'l 

0-013 

340 

n-Propyl alcohol. 

OV 

0-009 

310 



BROWNIAN MOVEMENT 


Si 

Theory of Brownfan Movefiient— Wo hftve already seen 
tha*fc any eyplanatior^ based on outside sources of energy 
is untenable. The sojirce of the energy of the movement 
must be Sought within the^systcm : it can only be seated 
in the particles or in the Ijquid medium. As far back as 
1892, Ramsay i explained it by the impacts of the liquid 
molecules on tlie particles, i.e. the kinetic energy of the 
^noleculc9 of liquid is the source of the kinetic energy of 
the particles. The modern theories of Einstein ^ and of 
Smoluchowski^ are based upon similar considerations. 
But if wo assume, as there are grounds for doing, that 
there is continuity from coarse heterogeneity, through 
suspensions and susponsoids, to solutions (and to mole- 
cules), and if molecules, whether in a liquid or gas, are 
possessed of molecular motion, duo to their intrinsic 
energy, it docs not seem inconsistent to regard the 
Brownian movement of the larger particles of sols and 
suspensions as due to the same cause. That is, the move- 
ment of these particles is of the same nature and is duo 
to the same causes as the movement of the liquid or gas 
molecules of the dispersion medium (which are usually 
supposed to cause it). 

The application of the kinetic theory, however, has 
taken the line previously indicated, that the motion is 
caused by the impacts of the molecules on the particles. 
This at once gives the qualitative connexion between size 
and velocity ; it also follows from it that the velocity o.f 
the particles is independent of their chemical nature. 
The objection that the molecular impacts will be so 
numerous, and therefore so evenly distributed that they 

* Ghcm. News, 1892, 65, 30. 

® Einstein, Zeitsch. physikal. Chem., 1907, 59, 451 ; Ann. Physlkt 
1905, [iv.] 17, 649 ; 1906, 19, 371 ; Zeitsch. Elektrochem., 1907, 13, 41. 

* Bmoluohowski, Ann. PhysiJu 1906. riv.l 21. 
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. will neutralise eacli otlicr and no n|otion result, is not 
valid, for the probability t 4 iat at an}« given in|tant there 
willr be a given excess of impacts jn one direction lias 
‘been shown to be very great. Tlic objection woilld apply 
to the system over a long perio^ of time, but the time of 
observation cannot be so regarded. 

It is readily seen, too, that when the particlee are very 
small, as in some of the gold sols, uni-directional' impacts' 
will rapidly increase, and the paths will be longer, will 
indeed become very similar to the paths of the molecules 
themselves. Thus, as Zsigmondy observed, ilie oscillatory 
movements give place to a rapid sc(iueiice of zig-zag 
straight lines. 

The equation which Smoluchowski deduced is — 
^■2^04 r LT 

27 2 oTTl'TjH 

in whicli A and r are amplitude ami oscillation period, 
the viscosity of the medium, r the radius of the particles, 
and hi tlio number of molecules in 1 gram molecule, 11 and 
T are the gas constant ami absolute kunpiuature. 

Einstein, by dilfcicut methods, ai rived at the same 
formula, without the numerical factor G 4 / 27 . The com- 
parison of the avipUMr.s observed by Svedberg with 
those calculated from the two formulie is given below. 




Amplitude (in fx). 



A, 

A, 

A, 

Ai 
• A, 


ohsorved 

calculated 


Medium 

Svedberg Smciuchcwski 

Einstein 


Acetone. . , 

. ai • 

11 

0 71 

2-8 

Ethyl acetal 0 . 

. 2-0 • 

0G8 

0 44 

3-0 

i\j)iyl acetate . 

. 1-5 

0-58 

0-38 

2*6 

Water . . . 

. 11 

0 81 

0-20 

3 G 

Propyl alcohol 

. 07 

217 

Oil 

41 
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, As the last coinihn shows, the observed values are all 
about three times {is*Jar^m as the calculatjcd ones, i.e. the 
formula ^is correct Ixcept for a numerical factor. I’he^ 
same, of course, is true of»tlje other formula, as the two 
(liifer only by a numericul* factor, 

CITAPTEh VTT 

TIIR SIZR OF PAKllCLES AND UL'I RAFILTRATrOJT 

Size of Particles. — Neitlicr the form nor the size, nor even 
tlie colour, of tlie particles can he dire(;tly ascertained by 
means of the ultramicroscopc, for what is observed is a 
disc of ]i<tht. As already slated, ]>!edi,<^^ * fived the upper 
limit at 0-14 /z, which is the limit of v isibility with the 
best microscope (mag. 2250). With this magnification he 
was unable to detect individual iiarliclos in his gold sols. 
The lower limit is fixed by molecular dimensions, which 
according to the kinetic theory is 0 OOOlG (for hy- 
drogen). 

Various estimates of the size, based on the clfect of the 
particles on the passage of light through the sol, have been 
made, but since the advent of the ultramicroscope, they 
are of secondary interest. 

The Siedentopf and Zsigmondy method ^ of determining 
the size is as follows : — Chcmicfil analysis of the sol gives 
the mass m of the disperse phase in unit volume of the 
sol ; the number of panicles 7i in unit volume of the sol is 
obtained by a direct count of the number of particles in 
the illuminated volume of the sol in the ultramicroscopc. 
This volume is fixed by the dfSjAh of the illuminating 
beam, and by the area of the field (micrometer sq^uares) 

' Anorg. Fcrmente, p. 20. 

• Zsigmondy, Zur hfkenninis d, Kolloide, p. 93i 
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which the particles are counted. Tie volume v of Ijie 
particle is giventby — 

m 

v= - 

np 

p being the density of the paHicle (the density of the 
substance in ordinary masses is taken). The linear 
dimension is calculated from the volume, on the, assiiinp-, 
tion that the particle is a cube or a sphere. The dispCrsity 
of a sol is usually expressed in terms of the diameter, 
obtained in this way. It is better to use tlie 
mrface for this purpose (see p. 227). 

If the Trowmian movement is rapid, it is easier to 
estimate the average distance between the particles than to 
count their number. The number can easily be calculated 
from this distance. 

Observations on many sols lead to the conclusion that 
the si:w is i)ot even approximately constant for a particular 
substance ; it ranges between G pp, and 250 pp, according 
to the method of preparation or subsequent treatment. 
Even larger particles are found along willi submicrons, 
and frequently there are a few submicrons, and a large 
number of amicrons, which are less than 6 pp. That these 
are still sols, and not solutions, is inferred from the fact 
that they can be “ developed." ^ Thus a mixture of gold 
salt and reducing agent is more rapidly reduced if an 
amicron gold sol is added to it. Addition of such a gold 
sol will even accelerate the reduction of an alkaline silver 
solution by formalin. By repeated application of this 
process, in which the amicrons increase in size owing to 
the further deposition of gold on them, Zsigmondy 
succeeded in preparing a series of gold sols with particles 
^of any desired size. 

‘ .Zsigmondy, Zeitsch. physihal, CUem, 1906, 66, 63 ; Lofctermoser, 
m., 77. 
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THE SIZE OF PARTICLES 


Froni ‘ their ultrafnicroscopic character, emulsoids seem 
to consist Tfainly of amicrons,- unless, as is not altogether 
improbable', the disptf'se phase is not pre'sent in isolated 
particles,' but in a more or less continuous net-work; or, 
owing to the smaller differences in refractive index of the 
disperse phase and the medium, it may be impossible to 
detect emulsoid particles so easily as suspensoids. On the 
'other hand, emulsoids exhibit more of the general 
properties of solutions, which is consistent with the 
smaller size of the particles in emulsoid sols. 

An interesting resume of the methods of estimating 
the size of particles in a sol is given by Henri.^ The 
ultramicroscopic method is very luicei’tain, for frequently 
the chemical nature of the particles is not known : a 
certain amount of a metal may be in form of oxide, and 
may even bo in solution, or it may be hydrated, any one 
of which renders the calculation erroneous. 

The methods which connect the size of the particle 
with other properties of the sol are— 

(1) The determination of the density of dispersion at 
different heights (Perrin) — 


log -i = (/> - pi) 


!) 


Wg, 11 = number of particles in equal volumes at heights 
0 and h. 

p, p\ ~ density of dispersion medium and disperse phase. 
r = radius of the particles. 

(2) The relation between Brownian movement and 
size of particle (Einstein)—- 


/ being the displacement in time L 


^ KolL Zeitxk, 1913, 12, 246. 
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(3) Tlie velocity of seclimentatioil— 



V being the velocity. Per g(A(l hydrosols the equation 
hecoines = 2 5 X * 

It is only applicahlo wlien tlie dispersity is low, for 
if r = 10 iifjL tlie time to fall OT mm. is 7 liour.*^ 

(4) From diffusion (Sutherland) — 

n Ottt]}’ 

A is a constant = 0‘815, and a the mean path of a 
molecule of the dispersion medium (a/r vanishes if the 
radius is great in comparison with the mean path) ; at 
ordinary temperature the formula is — 

^ S = FoS X 10"^^ (cm2 24 hours). 

It is only applicable to highly disperse sols, e^/. if 
r=l nfi, 8 = 0T58 (cm.2 24 hours), while for urea it is 
0‘97 (cm.2, day). 

(5) Intensity of scattered light (Rayleigh) — 

A nr^ 

'= XT 

€ is the intensity of the scattered light. 

A is a factor depend iiig on the refractive indices of 
tlie liquid and the disperse phase, on the intensity of the 
incident ray.s, and the angle at which the scattered light 
is observed. 

71 is the number of paijticles. 

A is the wave-length of the scattered light. 

*^.(6) There is a close connexion between the size of 
particles and the light absorption by the sol (Garnett, 
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Wood, Svedbcrg), bit so fur it is only (?f use in deter- ■ 
nifuing clialiges in sisc. 

TJltiafiltration.— iflany sols can be filtered tlirough 
filter papfer without apjirec^ble change. Small quantities * 
may be adsorbed to begin with, but beyond that no further 
loss is experienced. Emiilsoids often filter very slowly, 
owing to tJieir great viscosity. 

* Linder and Picton ^ tried the filtration of arsenious 
sulphide sols through porous earthenware, and found that 
the size of particles varied in different sanqiles. They 
recognised four kinds of sols: a, visible in tlic microscope; 
|3, showed Tyndall Effect; y, Totained by a porous plate; 
and 8, filtered unchanged through a porous plate. Earns ^ 
made an estimate of the size of the particles in a silver 
sol by filtration through porous plates He tried plates 
of gradated porosity, and calculated tlie size of pore of the 
plate which just permitted filtration to take place. He 
arrived at a size of 36 /u/i for one silver sol 'Ey using a 
colloid mciulirane as a filter it is possible to concentrate 
sols, or to separate a mixture of colloid and crystalloid. 
For this purpose Martin used a (diamlierland caudle 
impregnated with gelatine. A pressure of 30 atmospheres 
was necessai y. 

Later, Bechhold ^ elaborated the method, and applied 
it in several useful directions. He made a graduated 
scries of filters by impregnating a sujiport of filter 
paper, fabric, or wire gauze, with gelatinous colloids 
of varying concentration. Collodion in acetic acid, and 
gelatine in water, are the most suitable substances ; the 
filter is subsequently treated ^chemically : the collodion 

* Chem, Soc. Jour,, 1892, 61, 148. ^ * Sill Jotir., 1895, 48, 51. 

> Jour. FhymJ., 189G, 20, 3G4. , 

* Vortr. 78 Ft-rs. d. Naturf. u. Acrztc, 1906 ; T'orO'. 14 Vers. Bunsen- 
Qc3,, 1907 ; Zettsch. fhysikal Chem., 1907, 60, 257 ; 1908, 64, 3^. 
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• dipped into watfer to render it porous f the gelatine treated 
with formaldehyde to harden it (see afeo p. 27). I The filters 
arc standardised with a haemoglobiij sol. 

According to Wo. Ostwa^l ^ an efficient ultra-filter 
can be prepared easily as follow^: — Take an ordinary round 
filter paper, of ordinary rough paper, fold smoothly, fit it 
in a very clean funnel, fill it to the edge with 2 per cent, 
collodion solution, wait until it runs tlirough fhe paper/ 
pour out, rotate to dry the surface (5-10 minutes), 
and place in distilled water. After some hours it can 
be taken from the funnel ; clean the funnel, and replace 
the filter with suction. Use with an india-rubber 
stopper in an ordinary filter flask and a pump. Test 
with dilute night-blue or coiigo-rcd. Such a filter filters 
with great rapidity, up to 200 c.c. of night-blue per 
minute. 

Or the filter paper is moistened with water, a 4 })er 
cent, collodion poured in and spread over by turning the 
funnel round, and then poured out. The milky suspension 
of collodion in water is drained olf, the filter allowed to 
dry for 5-10 minutes, and a second layer of collodion is 
poured in and allowed to dry on the surface. The filter is 
then removed from the funnel and soaked in water. By 
this means filtration takes place with great rapidity, 
3-6 c.c. per minute without suction, and 30-70 c.c. 
per minute with a water-pump; also large quantities 
of sol can be filtered without serious falling off in the 
ratd. 

These filters can be used to separate the colloid from 
the dispersion medium, in arsenious sulphide sol or 
ferric hydroxide sol, oij. to concentrate albumin and 
similar emulsoids, the filtrate containing no emulsoid. 
^hey can also be employed to free sols from soluble 

• 1 Kull. Zeitsek, 1018, 23, G8, 143. 
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filtrable imburities, t!ie process being simil&r to purification 
by dialysis. Another iniportaift application of ultrafiltra- 
tion is In the preparation of graduated series of sols, the 
sizes being regulated by»filtration through a series of 
graduated filters. 

The approximate size of particles in sols can also be 
ascertained by finding which of a series of filters will just 
allow the particles to pass into the filtrate. The sizes 
obtained in this way agree on the whole with the ultra- 
microscope results. Bechhold gives the following series 
in the order of diminishing size : — 

Prussian blue, Bredig’s platinum, ferric hydroxide, 
casein, arsenious sulphide, gold (Zsigmondy’s 40 
gelatine, bismuth hydroxide, gold (Zsigmondy’s amicrons 
1-4 inx), haemoglobin, Paal’s silver, serum albumin, [diph- 
theria toxin], collargol, haematiii, protalbumoses, silicic 
acid, deuteroalbumoses, dextrin. , 

It must be remembered that this process of ultra- 
filtration is a complex one, as ordinary filtration, dialysis, 
and adsorption can all play a part in it. Even with filter 
paper, and still more with jiorous plate, adsorption and 
precipitation may and do take place. This is especially 
the case with positive hydrosols. They cannot be filtered 
even through filter paper without partial retention of 
the colloid by the filter. The reason is that the paper 
becomes negatively charged in contact with Nvater (p. 68), 
and at the entrance to each ])ore a corresponding quantity 
of positive colloid is precipitated (p. 134). 

Malarski ^ has recently shown that the electric charge 
of a positive sol is diminished •or even changed in sign by 
repeated filtration through filtir paper. The same, holds 
for negative sols to which positive ions or sols have be^w 
added. Glass wool, purified sand, purified cotton wool, 

‘ Roll Zcitsch., 1918 , 23 , 113 . 
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all of which A're negative to pure* water, g'ive similar 
results. For .example, ^ ferric hydroxide ^sol became 
negative after three filtratioiis, tliJ negative clitirge in- 
creasing with two furtlier fiHrations. ]’he reversed sols 
thus obtained show the same rt¥ictions — as to mutual pre- 
cipitation and reversal— as other sols of tlic same sign; 
e.(j. wlien the above negative sol was added to the original 
positive sol, the iiiigration to the kathode was 'gradually 
reduced to zero, and was tinally reversed. The following 
table illustrates both these elfects: — 


Fe{Oir)j Ilydrosol 
V =0 a ; a = 0 8 t ni. ; S = 78 m 


Nnnil" I of 

Migran n ' 

; Ori'psof 

MiRntiori 

f lltlal.olli. 

\ ( i<j( itV I 

- Fc(Un).i 

N'l'ludi/ 


r lo'*. ; 

; ii> lu ('c. 

V K 1(J5. 

0 

+ 18 0 1 

0 

+ 18 (’, 

1 

-i- 13 1 I 

4 

4- 12'3 

- 

-i- 0 3 

0 

+ GO 

3 

- r,'(; 

8 

0 0 

' 4 ^ 

- mo 

12 

- GO 

5 

- m 7 

30 

- 1-1 3 


The ellect of adding various ions, IT, Oil', or AY" etc 
on the sol, or on the lilter pa])er, is in accordance with 
rerriu’s electro-osmose results (p, G.S). Similar results 
were obtained with silver sols which had been made 
positive by the addition of aluminium salt or of ferric 
hydroxide sol. 

per . 
of sol c. 
rat^. 

These filtert. 
the dispersion mt 
ferric hydroxide soi, 
similar emulsoids, the 
fhey can also be emplo;) 

» Koll. ZeiLch., » 
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ELECTIIICAL rilOl’KiniES 

Tn no other hraneli of tlic subject is it more necessary to 
keep iu iiiiiid the two ])oiiit3 of view, viz. tlic facts, and 
the theories wliicli luive been advanced to c.rp!(nii the 
facts. As regards tlie former, there is no longer any 
serious question, since the miiin }ihenomcna have been 
establislicd in a satisfactory manmu’. Wimn we come to 
the origin of the clectiical charg(5 (tf colloids wo are con- 
fronted by one of the most dillienlt ]>roblems, a coiuplide 
solution of which is still awaiUal, and which, wuen found, 
will prove an invaluable aid towards tlie elucidation of 
the whole subject. 

The phenomena will be desciibcd first, and then the 
principal hypotlieses which have lu'cn ad\aiRed will bo 
discussed in detail. 

The electric conductivity of sols Mill be taken first, 
and then migration in an electric field. 

Electric Conductivity 

Suspensoids.— The electric conductivity of suspciisoids is 
very small, so little removed from that of the dispersion 
medium that the question arises |vhcthcr this small con- 
ductivity is not due to the small quantities of (adsorbed) ^ 
electrolytes, which, as has already been pointed out, are 
impossible to remove, at least^by washing or dialysis, • 
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The Following data * will give an idea of {.he electric 
conductivity of several ty\)ical sols. 

Specific conductivity (k) in mliog. 


Sol. S(|l. Medium. 

Au(nredig). . M4K.10-0 

to 1-6 „ 0-81 X 10-3 

All (Zsigmondy) 7’0 „ 1'2 , „ 

rt(nredig) . . 2-9 „ Tl 

All (Blake) . . 12-7 „ 1-5 

Fe(On)3 . . . 25-7 „ 2 


Various attempts liave been made to decide by experi- 
ment how far this conductivity is due to tlie sol, and how 
far to the “active” electrolyte. Malfitano^ determinec 
the electric conductivity of sols of ferric hydroxide from 
hydrolysed ferric chloride, and of arsenious sulphide, 
before and after filtration through a collodion moinbranc. 
As the latter retained the suspensoid, and allowed all (?) 
the rest filter through, the conductivity of the filtrate 
should fall off, if it was duo to the suspensoid, while, in the 
other event, it should remain unchanged by this process. 
No diminution of conductivity was observed in any 
instance, from which lie concluded that the conductivity 
was due to the dissolved impurities. Applying the same 
method of collodion filtration, Duclaux^ found the con- 
ductivity of a ferric hydroxide sol to be diminished by 
filtration, and regarded the dilfercnce as the conductivity 
of the suspensoid. It amounted to about 200 X lO"® mho. 

This method is open to the objection that the collodion 
filtration may change the concentration of the medium in 
addition to removing the disperse phase, and that the 

' Billiter, Sitfungsher. Ka'ierl. Akad. IViss. Wien., 1902, 111, 1395; 
Bigelow and Gemberiing, J. Amer. Chetn. Soc., 1907, 29, 1570; Whitnoy 
lind Blake, ibid., 1904, 26, 1339. 

* * Cojnpt. Rend., 1904, 139, 1221. 

» 1905, 140, 1408. 
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gmall obscrted difTerlnces may as well put down to 
this* as to thi removal of the disperse phase. 

As electrolysis affoMs perhaps the most certain means 
of removing electrolysable ijnpurities from a colloid, with- 
out any other appreciable alteration, the application of this 
method should solve the problem. By determining the 
electric conductivity of the original sol, and after sub- 
jection of llie sol to successive electrolyses, Whitney and 
Blake ^ found that it diminished after each electrolysis, 
but did not finally approach zero. Instead, it converged 
to a definite value which they regarded as the true electric 
conductivity of the pure sol. The following values were 


obtained ; 

Gold sol, K X 10*. 

After dialysis .... 

„ 1 electrolysis . . 7*7 
„ 2 „ . . 4*2 

2 „ . . 2-7 

„ 4 „ . . 2-1 


U „ , , i 

7 „ . . 1 

8 „ . . 1 

The conductivity of the water was 1-3 X 10'®. 

In the actual experiment, the sol was contained in a 
glass tube closed at both ends by gold-beater’s skin. The 
lower end dipped into a glass dish ; the electrodes were 
applied to the damp membranes, a wider glass tube being 
fixed by a rubber band to the upper end (Fig. 4, p. 77). 
The gold migrated to the anode (lower end) and was 
deposited on the membrane. On treatment with pure 
water, the gold again diffused in^ the liquid with regene- 
ration of the sol. The conductivity of the water in the 
outer vessel rose considerably. 

The above figures would seem to indicate that, the 
^ hoc. cit,, p. 62. 
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pure sol would liavo the same electric cnnductrvity as the 
water, since two or tliree further repetitions If the treat- 
ment should reduce the conductivity^ of the sol to tliat of 
the water. The figures in square lirackets are values 
extrapolated from the curve pi qjtted from the expeiimental 
values in the above table. 

Kohlschutter s ^ silver sol (set; Preparations,]). 187), 
had an initial conductivity of 1‘20 X 10 mho. ’ Ty puril 
fication with hydrogen gas in a platinum vessel tlie silver 
hydroxide present (no other electrolyte can be present) 
A\as reduced to silver, and tlie conductivity fell to one4cnih 
of its initial value, and tlien remained constant at about 
three times the specific conductivity of the water, viz. 
7 X 10"® mho. In a few instances it fell as low as 4 to 
5 X 10"®, and in some others could not bo reduced below 
10 X 10"® mho. 

In seveial silver sols ])rc])are(l according to this method 
by the author, tlie conductivity fell as low as 7 X 10~® in 
Jena glass flasks, without any treatment in platinum. 
The initial conductivity of the saturated silver hydroxide 
solution was abouc 38 X 10"®. 

Emulsoids. — The liguro already given for ferric 
hydroxide sol may bo taken as an indication that emul- 
soids have often a higher electric conductivity than 
suspensoids. 

Although Pauli- found that albumin sol, carefully 
purified by dialysis, was practically a non-conductor, 
'VVhitney and Blake ^ obtained fairly high values for 
silicic acid sol, k for a 1-47 per cent, sol being 100 
X 10~® mho, while a 0<,2 per cent, gehitine sol gave 
K = 08 X 10~® mho. Xliese are of the same order aa 

^ Zcitscli. Elektwchcm., 1903, 14, 49. 

* Beitr. Chan. Phys. Path., 1900, 7, 531. 

J Amer Chan. Soc.,<a904, 26, 1374. 
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the 200 X 10“® observed by MalOlano for ferric 
liycfroxide sJl. 

It would appear fri)m these results that there may be 
two classe's of emulsoids, sc^far as electrical conductivity 
is concorued : some, comj^iising the electrically neutral 
sols, as albumin, have no electrical conductivity when 
they are pure, the variable value usually found being due 
Co the im|mrities; while others, the electrically charged 
sols, possess a considerable conductivity. If the albumins 
are amphoteric substances, their vanishingly small electric 
conductivity is readily understood, for the conductivity of 
the simple amino-acids {ejj, glycocoll) is extraordinarily 
small in comparison with that of the parent acid. 

Trom a theoretical point of view, a sol in wliich the 
disperse phase is electrically charged, whether positively 
or negatively, and the greater number of sols come into 
this category, must exhibit in some degree the phenomena 
of electric conductivity. * 

Electiiical Migration 

The migration of colloids in an electric field forms a 
special part of the general electrical phenomena, which 
occur at a boundary or interface between two phases, one 
of which at least is a liquid. Quito possibly the samo 
phenomena occur at every interface, whether the phases 
are gas, liquid, or solid. The experimental difficulties 
are very great unless one phase is a liquid, and we shall 
only consider such cases. 

At all such interfaces an eli^trical potential difference 
is established, of the nature of at electrical double layer. 
Consequently, displacement of one phase against the other, 
takes place when the system is placed in an electric field. 
We have, therefore, two sei)arate cascs^ In the one’ the 



66 GENERAL PROPERTIES OF CQ|;.L01DS 

solid is fixed, as in a capillary tube cr a poroui, diaphragm, 
and all the displacement Is thrown on the liq^iid, which is 
shown by a difference of level, Ox by a flow of liquid 
across tlic diaphragm. In tluj other, tlie solid is suspended 
in the liquid, and as no permanent difference of level 
can persist in the liquid, the solid moves through the 
liquid. 

Tlie terms “ elcctroendosmosis " and “ kataphoresis,” 
frequently applied indiscriminately to both of these 
phenomena, may conveniently be employed to distinguish 
between them. 


Electroendosmosis 

Electroendosmosis, or the movement of a liquid across 
a diaphragm or through a capillary tube towards one of 
the electrodes when a current of electricity is passing, 
was noticed by Reuss Mong ago, and has since been the 
object of many investigations, theoretical and practical. 
When a poor electrolyte is electrolysed with a porous 
cell, the dilfercncc of level on tlie two sides of the cell 
is very noticeable. Wiedemann ^ was led by this to 
inquire into tlie matter, lie found that under comparable 
conditions the dillerence of level detiended on the applied 
E.M.F. and also on the viscosity of the solution. 

Tlie latter fact suggested that the two electrically 
charged layers which suffer displacement are both liquid, 
the one adhering immovably to the solid, while the other 
moves with the rest of the liquid. 

The experiment can also ho so arranged that no differ- 
ence of level is maintaiw3d, the liquid which is forced 
through the diaphragm bfcing rim off by a side tube. This 

• * For full historical referoncos soo Wiodomann, ElelUricitUt, 1893, 

Ifp. 993. 

• Wiedemann, Vogg. Ann,^ 1852^ [li.] 87, 321. 
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is a conve lient forin of the experitneirt, the volume 
transferred unit time being a Convenient measure of the 
effect. The formula bonnecting the various factors con- 
cerned ar(5 given here (their ^leduction will Ijg found at the ‘ 
end of the chapter). The e(|uatioii for the volume of liquid 
transferred is 



in wliich q = area of diapliragtii (or tube). 

e = potential difference of doul)le layer, 

K ~ EJ\I. F. at the electrodes. 

1) -- dielectric constant of the liquid. 
ri = viscosity of tlie liquid. 

I =r distance between electrodes. 

From it we see that the volume transferied is propor- 
tional to (1) tlic area of the diaphragm or the cioss* 
section of the capillary, (2) tlm potimtiah difi'ercnco 
be.tweeii the liquid and solid, (3) tlie fall of potential 
between the electrodes, and (4) the dielectric constant; it 
is inversely proportional to the viscosity of the liquid. 

If, instead of allowing the li([uid to escape, the 
pressure is allowed to rise, the equation is 

2eKI) 

The height to which the liquid will rise in tubes of the 
same material^ is proportional to the applied E.M.F. and 
inversely proportional to the square of the radius of the 
tube. 

Quiuclie ^ tested these resuUs by measuring the differ- 
ence of level on the two sides of a single glass capillary, 
when a known E.M.F. was applied. The equation shows 

^ Pogg. Ann , 1861, [ii.] 113, 613 ; Toreschin, Wied. Ann.^, 1887| 
[iii.j 32, 333. * 
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that €, tho potential difference between glassiand wa^er, 
should be a coii:^tant. Thfs is the case. 


r (cm.). 

E (volt). 

h (cm.). 

f (voifc). 

0-0149 

V6 

•00125 

0-054 

„ 

152 

i)0245 

0-053 

0-0188 

154 

0-0880 

0-055 


Other investigators have found e to be coustayt, and of. 
approximately the same value as Quincke obtained, e.g . — 


r (cm ). 

E (volt). 

h (cm ). 

f (volt). 

0-3G9 

5,120 

1-9 

0-041 


7,220 

3-1 

0-048 


8,8(10 

3-8 

0-048 


10,200 

4-3 

OOIG 


11,500 

4-8 

0-04G 


Since most substances become negatively cliarged in 
contact with water, tho water travels to the kathode. This 
has boon observed with capillaiy tubes of glass and 
shellac, and with diaphragms of porous earthenware, 
asbestos, carborundum, wool, cotton wool, arscnious sul- 
phide, and many other substances. A small number have 
been found to be positively charged in water. They 
comprise basic oxides and hydroxides, e.g. aluminium 
oxide and cobalt oxide, etc. ; and some salts, as anhydrous 
chromic chloride, barium carbonate, etc. 

Effect of Acids and Alkalies. — The potential difference 
Icftwecn the two pha^^es may be changed by the addition 
of various substances to the water ; and this change may 
be in either direction. The potential dilference may 
increase or it may diminish, and in the latter case may 
be reversed in sign, passing through zero on the way. 
Perrin ^ has investigated this very fully, and some of his 
results are given below. The effect of acids and alkalies 
is very maiked. The general effect is as follows. 

* J. chim. phys*, 1904, 2, COX, 
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cliaj’’l ra^ms become more m?gative in alka- 
line solutions ; in acid solution! the diapjjragm becomes 
less negative, and with increasing concentration of acid it 
becomes electrically neutraliand finally is positive. 

Positive diaphragms ^ehave in the corresponding 
manner, ie. they become less positive, and finally negative 
on the audition of ah -lies, while they become more 
strongly positive in acid solutions, 

111 Perrin’s experiments the variation or reversal of 
sign of the charge on the diapliragm was indicated by the 
volumes of liipiid transported to the kathode or anode in 
unit time. The -f or — indicatiis uniformly the sign of 
the charge on the solid (also migration of the liquid to 
the anode and kathode resjiectively). 


Diaphragm. 

Solution. 

V (c c /rain. 

Carboruiiduiii 

0-02 m. irCl 

+ 10 


0-008 

0 


0-002 

~15 


water 

-50 


0-0002 m. KOI! 

-GO 


0 002 

-105 


Similar effects arc observed with other diaphragms. It 
is worthy of note tliat the elfect of acid and alkali is 
greatest at very small concentrations, rapidly falling off 
as the concentration increases, until practically a constant 
value is reached. The following figures for a naphthalene 
diaphragm show this very well. 


Diaphragm, Solution. V (c.c./min.). 

Naphthalene 0 02 in. HCl +38 

0-0 L . +39 

0001 , +28 

0 0002 + 3 

0-0002 m. KOII -29 
0-001 -GO 

0-0« -60 
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If tbe volufnes are plotted (with* duo re^|iiu to sign) 
against the conQentratioii3*of acid and alkali (fl’and OH'), 
the two brandies of the curve arc symmetrical with 
respect to the point of elecitric'il neutrality,* which is 
very slightly displaced to tLy) acid side, corresponding 
to the fact that the substances are negative in pure water. 



With positive diaphragms there would be a similar dis- 
placement to the alkali side. 

Effect of Salts.— The influence of neutral salts has also 
been investigated by Pe^fin. For this purpose he used 
solutions which were already acid or alkaline owing to 
added acid or alkali. Tlie effect of salts is very important 
in thp case of kataphoresis, where, however, it is frequently 
complicated by other unavoidable effects, which mask or 
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even oblite^te the ’primary eftect. Soifie detaih will 
therefore be given in the conc^ponding case of elccLro- 
ciidosinosis. 

N I'GATI VE ’DiAPHIIACIMS. 

Carboainhuin in Alkali. 


Salt, V {c.c./min.), 

0 —(30 

0 1 in. NaP)!’ — I J: 

0-()()2 in. . . . -2(3 

0 0002 in. La(N 03 \ . . -18 

Clnomic Cliloiido in All^ali. 

0 -70 

O-OOl in. MgCK, .... -10 

O'OOl in. MgSd^. . . . _G 


Positive ])r.\PiiKAGM.s. 

Chromic Chloride in Acid. 


0 +00 

0‘lin. K{3r -fl.!;! 

O-OOl in. MgSO^ . . . . +23 

0-00(.»r) 111. k3l'V(CiN)g . . _j- 3 


The concenLration eOect is similar to iliat already 
noted willi re'^poct to acids and alkalies : very small 
concentrations have a very largo effect, which is only 
slightly increased by subsequent increase of concentration 
This is shown below. 


Carborundum in Alkali (negative). 


Concentration of 


La(N 03 ) 3 (mols. per Hire). 

V (c.c. per : 

0 . . . . 

... . -(-0 

0-000()4 . . 

. *. . -58 

0-0002 . . 

. . . -18 

0-001 . . , 

. . . - 1 


Purtlier addition of the* salt must finally reducb the 
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electroeildosmo«is to zero, or reveri^ its dir&tioii. The 
latter actually occurs, jus# as addition of acid tfo a negative 
diaphragm, and of alkali to a positive one, reduces the * 
potential difference to zero, aijd finally reversed the sign. 
The reversal is not so pronounced, and the reversed 
potential difference cannot be made so large as can be 
produced by acids and alkalies. 

The Valency Rule. — The foregoing figures lead to a 
highly important generalisation regarding the influence 
of salts on the potential difference between the solid and 
the liquid. Considering the figures for the negative 
diaphragm, we find that the valency of the haiion is the 
predominant factor. The concentration of the bivalent 
kation Ba’* which produces a given decrease in V, is very 
much less than that of the univalent kation Na*, and the 
concentration of the tri valent La*“ is much less again. 
The figures for magnesium chloride and sulphate show that 
the vafenej of the anion does not matter, there being little 
difference between the univalent Cf and the bivalent SO/'. 

With the positive diaphragm, on the other hand, the 
valency of the anion is the principal factor, the effect of 
the salt on the electrical charge of the diaphragm or on 
the volume of liquid increasing with increasing valency 
of the anion. This may be summarised as follows : the 
electric charge on the diaphragm is reduced by the ion of 
opposite sign ; further, the magnitude of the effect 
increases with the valency of that ion, and is independent 
of the valency of the other ion. 

This must be regarded as a broad generalisation, and 
it will subsequently be shown to hold in the case of kata- 
phoresis, and also of the 'precipitation of suspensoids by 
electrolytes. It must be at once admitted that the matter 
is not so simple as this ; ions of the same electric sign as 
the dsaphrngm do not have the same effect. There are 
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difierences, ^again, bUween ions of the *same valency, 
wliicli cannot be explained by ‘'differences in ioiiisaliou. 
11* and 0H' in particular differ from other univalent ions. 
Instances of tliesc will bo (found under kataphoresis, and 
more especially under j)recipitation of sols by electrolytes. 

Tliat the valency of the ion of opposite electric sign 
is the main factor in the alteration of potential on the 
cliaphragru is plainly seen from the symmetrical nature 
of tlie figures obtained, when the results for + and — 
diaphragms are reduced to a common standard. This has 
been done by Freundlioh,^ who calculated the concentra- 
tion of various s: '.ts which reduced V to one-half of the 
value when no salt was present. 

Carborundum (negative). 

Salt. Concentration (uiilliniols per litre). 


IsVPr 

dO 

Pa”(N 03 )., 

‘> 

La-(NU3)3 

O'i — 

Chromic Cldoiidc (positive). 

KBr' 

no 

MgSO/ 

1 

K3l'o(CNV" .... 

OT 


Other Liquids.— Quincke examined other lupiids besides 
water; turpentine is negative to glass and carbon 
disulphide is positive to it. There was no migration of 
ether or petroleum. Methyl alcohol, ethyl alcohol and 
acetone all showed marked elcctroendosmosis. Perrin* 
extended the list very considerably. There was marked 
migration of methyl alcohol, ethyl alcohol, acetone, 
acetylacetonc, and nitrobenzene:,; to a less degree of amyl 
alcohol and acetic acid ; none of Cifforoform, ether, benzene, 
carbon disul|hide, petroleum, and oil of turpentine. 

* Freundlich, Kapillarchemic, p. 238, 

• J. chim. phj/s., 1904, 2, GOl, 
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The same general relations lioltf for thesf liquids^ as 
for water. Thq quantitative results ^ for methyl alcohol 
fully bear this out. Suhstauees, such as chromic fjliloridc, 
manganese dioxide, which ari^ positive iu water, arc also 
positive in alcohol ; the others ive negative in alcohol, as in 
water. The addition of non-el cctrolytes docs not affect the 
migration, but the addition of acids and alkalies h?is the same 
effect on positive and negative diapliragins, as in water. 
The valency rule applies equally in alcohol and in water. 

Emulsoids. — Very little seems to be known regarding 
electroendosmosis of liquids in contact with emulsoid gels. 
Isolated observations have been made on the behaviour of 
semi-permeable membranes of aluminium hydroxide, 
ferric hydroxide and chromic hydroxide, all of wliich are 
probably emulsoid gels. Thus, in electrolysis through a 
film of aluminium hydroxide there was a very marked 
migration of liquid into the anode com])artment ^ ; the water 
was thcfcToro negative, as was to be expected, since 
aluminium hydroxide is a positive sol, and wanders to the 
kathode. In a later research on the same subject, electro- 
endosmosis took place across a diaphragm of filter paper 
soaked in gelatine ; the diiection was not recorded. 

Kataphoresis 

Suspensoids. — From the relation between electroendos- 
mosis and kataphoresis, we should expect the general 
conclusions reg.irding the former, which have been dis- 
cussed in the preceding section, to hold equally for kata- 
phoresis. Except in ro far as disturbing factors interfere 
with the observations, ^15is is found to be true. Thus 
suspended particles of shellac, clay, cotton wool, starch, 

Baudouin, Conqjt. Rend., 1904, 138, 898. 

* Taylor and Inglis, Phil. Mag., 1903, [vi.] 6, 301; Taylor and 
Millar* Proc. Roy. Soc. Edin., 1906, £6, 447. 
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suJpiiur, etc^., in watSr migrate to the anoSe. Most sus- 
peirsoid sols do the same, c.g, tiio inctnls, ^as gold, silver, 
platiouii^ the sulpliidfs, as arsenioiis sulphide, zinc 
sulphide, etc. ; while the hydroxides of the metals, as 
aluminium hydroxide amj feiiic hydroxide, and some 
other suhstances, migrate to the kathode. Tins is in 
agreement with the electrociidosmo,sis results recorded in 
‘Ihe previohs section. 

This migration of sols in an electric field was first 
observed by Linder and Picton * in arsenioiis sulphide 
sol, which migrated to the anode, and in ferric hydroxide 
sol, which migrated to the kathode. The behaviour of 
many sols has been investigated since. The following 
list, though in no way complete, may be useful : — 


Positive Hols (to kathode). 


Perrio hydroxide 
Aluminium „ 

Chromic „ 

Cadmium „ 

Zinc „ 

Thorium „ 

Zirconium „ 

Ceiium „ 


Titanic acid 
Itl ethyl vioh't 
]\Iethylene blue 
]\I.]gd,ila rod 
Some metals, Ph, lU, Pc 
(almost ceitainly hydr- 
oxide Jrols) 


Nkoative Sols (to anode). 

Metals, c.g. Au, Ag, Pt, Pd, Ir, Cd, etc. Most metallic 
compounds (except oxides, etc.), cjj, AgCl, Agl, AS2S3, 
PbS, CdS, Prussian blue, etc. 

Sulphur, selenium, tellurium. 

Silicic acid, stannic acid. ^ 

Vanadium pentoxide. 

Molybdenum blue, tungsten blue, mastic, gamboge, 
fuchsin, eosiu, indigo, aniliuo blue, methyl aniline green. 
» Cfmn. Soc, Journ., 1892, 61, 148. 
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The velocili^ of migration of pariicles suspended in a 
li(jiiid, under a fall of potential, is given by tlio equation 

ellt) 

U = - 

4^7T7] 

« 

where u = velocity, e — the potential difrerence of the 
double layer, H = tlie lall of potential (volt/cin.), T) = 
dielectric constant, and r) — the viscosity of fho liquid/ 
The derivation of this formula is given at the end of the 
chapter. Inserting Quincke’s value of e for glass and 
water (0’05 V), and the values of tlie other symbols, 
Smolucliowski ^ calculated u for a fall of potential of 
1 v/cni. to be 31 X 10"® cm. per second. 


0-05 X_1 X<S1._ 

300 X 300 X 471 X 0-0105 


34 X 10"® cm./scc. 


The two factors 300 in the denominator arc to convert e 
and II into absolute units. 

The velocity can be determined macroscopically, 
microscopically, or ultrainicroscopicnlly. In the first 
method, a vc^rtical tube is filled with the sol (the ends 
may be closed with gold-beater’s skin), and an electrode 
applied at each end. Tlie direction of the current is such 
that the sol migrates to the under electrode, by which 
a sharp upper boundary is maintained. The distance 
travelled in a known time is read off on a scale (Fig. 4). 

In the other methods,^ the actual migration of a single 
particle is observed under the microscope, and the distance 
travelled by it in a known time is measured by means of 
a micrometer eyepiece. •The ultramicroscope must be 
used if the particles are submicrons. Certain precautions 

Snll. Acad. Scien. Cracow, 1903, 182. 

* Cotton and Mouton, J. chim.phys,, 1900, 4 , 303; Coward, Trans, 
Faraday Soc., 1913, 9 , 142. 
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are necessary if correct results are to be (Obtained. The 
parficles selected for observation* must be near the middle 
of the liouid, for particles near the cell 
walls may even travel in #the reverse 
direction. The reason is |hat clectro- 
endosmosis occurs at tlie cell wall, and 
the liquid* moving in the contrary 
direction fo the sol (tlie cell wall, of 
^lass or quartz, usually has the same 
sign as the sol) drags the particles along 
with it. Cotton and IMouton have 
described the diverse nature of the 
observations when the microscope is 
focussed on layers at dilferent depths in 
the cell. 

Then, the particles must be fairly 
equidistant from the electrodes, and the 
observations must be made immediately 
the current is applied. The disturbances 
due to neglect of these precautions are twofold. AVhen 
charged particles reach an electrode of opposite charge, they 
usually give up their charges to the electrode, and lemain 
precipitated in the vicinity of the electrode. TJiey may, 
however, take up a charge of the same sign as the electrode, 
and then set off back to the other electrode. Reversal of 
the charge may occur iu another way. As we have seen 
in electroendosmosis, very small chang(is in the concen- 
tration of electrolytes, and especially of IF or Oil', pro- 
duce large cliangcs iu the cliargo on tlie solid, ami may 
cause reversal. When a sol is submitted to prolonged 
kataphoresis, the traces of electrolytes accumulate at the 
electrodes, at the same time decreasing the H’ at the 
kathode, and increasing it at tlie anode. If, therefore, 
the original sol is neutral, the kathode liquid may become 



Fiq. 4 . 
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alkaline,' an^l Iho anode liquid wiA become acid, with 
corresponding changes in‘chc charge on the particles. 

This reversed migration, liowevcr caused, must obviously ‘ 
vitiate the results. Still another disturbing process may 
take place. The particles with reversed charge may come 
in contact with some of the original particles, and the two 
electrically neutralise each other, causing mutual precipi- 
tation. If the experiment is unduly prolonged’tliis effecC 
may cause serious error in the middle of tlie solution. 

There is yet another disturbing factor, first indicated 
by Coward,^ which must not be overlooked, viz. a cliarged 
particle may be altractcd to an electrode of the same sign 
as the i)article, if the potential difference between them 
is sufllciently great. For this reason, observations near 
the electrodes are always liable to error. 

Those sources of (‘rror apply also to the macroscopic 
methods, and their effects were noticed by Linder and 
Pic ton? 

For demonstration purposes, the familiar apparatus of 
Neriist for demonstrating ionic migration may be used, a 
sharp boundary between the water and the coloured sol 
being obtained in the usual manner by loading the sol with 
a non-electrolyte (sugar or urea). 

More convenient still is a small form of the Nernst 
apparatus, which can be mounted in the lantern and 
projected on the screen. The U tubes are of small thin- 
walled glass tubing. The filling tube has no tap, but is 
constricted to a very narrow opening just below its 
junction with the U tube. Instead of being placed 
centrally, it is better to itend it to one side, as shown in 
Fig. 5, but not in the stime plane as the U tube. It is 
easier to work, and is out of the field of the lantern; the 
crpparatus is clamped by this tube. By means of the 
* hue. c^., p, 7G, 
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rubber lube and sntill clip the sol can •be introduced 
slowly and to tlie requisite amotint. To use it, the side 
tube is ouite filled with the loaded 
sol, and ?hc clip is closed. • The sol 
which has escaped into tlie U tube 
is washed out with water. Water 
is then placed in the U tube, and 
the clectiT)de3 (a fiat helix of thin 
platinum wire) inserted. Tlio ap- 
paratus is then inountcd in the 
lantern. Tlie clip is cautiously 
opened, and the sol Hows equally 
into the two limbs with shaip in- 
terfaces. The clip is closed as soon 
as the electrodes are covered with 
water. The amounts of water and 
sol must bo so adjusted that tlie 
interfaces are well below the elec- 
trodes, A suitable voltage is llOV or 220V. 

With this simple ajquratns tlie dircetioii of migration, 
the reversal of direction on reversal of the current, and 
the approximate velocity for a potential gradient of 
1 volt/em. can bo easily obtained, as owing to the magni- 
fication, the migration is visible in a very little time. 
Some at least of the disturbances caused liy prolongation 
of the experimout, such as the jnvcipitatioii near the ■ 
electrode, and the mutual precipitation by tlio particles 
of reversed cliarge, can also be observed. 

Two such tubes may be shown on the screen at one 
time, and if a negative sol (gold^or arsenioiis sulphide) is 
placed in one, and a positive sol {ferric hydroxide) in tlie 
other, the migration in opposite directions may be con- 
vincingly shown, as the electrode connexions can easily 
be shown on the screen at th§ same time. 
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Velocity ot Migration. — The ol)seivecl velocity is in 
good agreement with the value, 34 X lO-® cm./sec., cal- 
culated from the formula, as the figures below slj<^)w4 


u (cm. /see. per 


Sol. 

Size of partic/os. 

1 v/cm. 


AS 2 S 3 . 


22 X 10-® 

(i^. p.) 

Quartz . 

i/i 

30 

(W. P.,) 

All . . 

, < 100/r/t 

40 

(VV. B.) 

>> 


21*6 

(P.) 

rt . . 

• » 

30 

(W. B.) 

>> • 

• n 

20-3 

(li) 

Ag . . 

• u 

33 

(C. M.) 


• II 

23 6 

(!’-) 

( 4 (li Heron t 1 
» \ pieparations j 

19-7 

„ 

V • • 

• » 

]0-6 



♦ » 

10 3 


Fo ! ! 

♦ )» 

19 


Fe(()U )3 


30 

(kP) 


The agreement of these figures and the theoretical 
value shows that tlic potentiiil difierence between water 
and all these different substances is of the same order 
as that between glass and water. Tlie values of e calculated 
from the above values of u, vary from 0'028V’. to 0-038V. 
The metals lead and bismuth give very low values of u 
and €1 they and iron are positive sols, like ferric hy- 
droxide. 

The velocity is practically independent of the size and 
form of the particles, as the formula requires. 

Most rcmarkalile of all is the fact that the average 
velocity is practically the same as the migration velocity 
of the average slow movifig ions of electrolytes, Na' being 
4o X 10~^ cm /sec., and Li’= 30 X 10"® cm./sec. for 

• ‘ Linder and Picton, Chem. Soc. Jerem.^ 1897, 71, 508; Whitney 
and IJlako, J. Afner. CJiem. Soc., 1904, 26, 1339; Burton, Phil. Mag,, * 
1904, [vi.] 11, 425; Cotton and Moifton, loc. cit., p. 76, 
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1 v/cm. fiill of potefiti<al. The velocity (ff migration of 
siisfensoids, whether microns of submicrons, and of ions 
is thus practically constunt. 

Effect >jf Electrolytes. — T]ie presence of electrolytes, and 
especially of acids and alkalies (It* and Oil'), has such a 
marked elfect on clectroenttosmosis that we naturally look 
for similar, effects here. This expectation is justiticd in 
the few instances in which it is possible to test it. The 
difllculty is that another action of electrolytes comes in, 
which is wanting in electroendosmosis, Suspensoids are 
by no nmaus so stable as a dinphragm-li(iuid system ; they 
are very susceptible to electrolytes, undergoing a series of 
changes, which usually end in coiujdele 2)recipilation of the 
sol. As will bo shown in the next ch:i])ter, those changes 
are almost certainly connected with the electrical changes, 
mainly the electrical neutralisation of the charged particles 
by the ions of the electrolyte, which we arc led to infer 
from the beliaviour of diaphragms, but which aiu uilficult 
to verify by experiment. 

Bui ton ^ investigated the inlluencc of the trivalent 
kation, Al‘", on negative gold sol and silver sol. 


Silver Sol. 


Concentration of AlgSOdj 

u (cm. /poo.) X 10‘ 

in milliraols per litre. 

at 18 \ 

0 

- 22-4 

0 00.52 

^ 7-2 

0-014 

+ 5-9 

0*0284 

-h Id 8 


Whitney and Pdako had previously noticed that the 
addition of II' (nitric acid) oi of Ag’ (silver nitrate) to 
silver sol caused the particles to migrate to the katlicde 
instead of to the anode. 

» mi. Mag., 1805, [vi.] J2, 472, 


0 
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The Electric Charge on a Particle. — An estimate of the 
char<;e on a sinj^de particle of gold sols and silver sols has 
been, made by Purtou, on the assumption that the pre- 
cipitation of these sols by akminium salts, the^ amount of 
At'" which just precipitates^ tlic gold or silver is such 
that the amount of pf)sitive electricity on it is equal to 
the amount of negative electricity on the particles pre- 
cipitated. 

The volume of a particle is 2 X 10"^'^ c.c., therefore 
100 c.c. of a sol (with 6-5 mg. Ag) contains 3 X 10^® 
particles. This volume of sol re(piircd 3 0 X 10"® and 
3‘G X 10"® AU(!^D ^)3 for precipitation, from 'uhich the 
cliargo on a particle is 2'8 X lO"^ electrostatic units, and 
the charge on 1 gm. e(pdvalent of silver is 4 per cent, of 
the charge on Ag' (1 gm. equivalent of silver ion). 

Other Liquids.— Quincke observed that most sub- 
stances were positive in oil of turpentine, sulphur being 
the oiTly exception. Lycopodium in other migrates to the 
kathode; sulphur, vermilion, antimonious su][)hidc, to the 
anode. Lilliter^ found that alcoliol reduced tlic migratioii 
in a platinum sol to zero, and then reversed tlie direction’ 
of migration. 

To Lurton^ we again owo a scries of quantitative 
experiments, which sliow the general relations quite 
plainly. The symbols in the table arc the same as in the 
formula on p. 67. 

* Zeilsch. Elektrochem, 1902, 8, 638, 

« riul. Marj,, 1901, [vi.j 11, 425. 
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Dispersion Medium. 



V’ 

X iU\ 

e (volts). 

Methyl alcohol 

Pb 

33 

t)*00G12 

22 

-h 0-046 

Hi 



*10-2 

+ 0 021 

Ethyl alcohol 

ri) 

2 .-, -5 

0-0123 

4-5 

+ 0 024 

Sn 



3-G 

+ 0 019 


Zn 

• 


28 

+ 0-015 

Etliyl malonato 

Pt 

10-7 

0-0223 

2-3 

-0-054 


Ag 



1-7 

- 0-040 


All 



1-4 

- 0 033 


Tho value of u depends principally on the viscosity of 
the Ihpiid ; € does uot differ much from tlie values in 
water. Tho sols <jf the base metals in the alcohols are 
positive, as in water. 

A lu'uad j^mneralisatioii rcgaiding tho sign of the charge 
on a solid in contact with a liquid, first ])ut forward by 
Cochn,' may 1)0 stated: the substaneo wdth the greater 
dielectric constant is positive to the other substance. The 
J).C. of oil of turpentine is 2*23, that of glass is 4-7, 
according to its composition, and that of water is (SI. In 
agreement with the rule, glass is positive in oil of turpen- 
tine, and negative in water. A\^ater lias a much higher 
dielectric constant tlian most other substances, and, as W’e 
have seen, most suhstances are negative in water. 

Emulsoids. — When an emiilsoid is placed in an electric 
field, migration is observed to take place as in suspen- 
soids. Hut the disturbing factors are much more powerful 
than in the latter. The velocity is also much smaller, n 
for gelatine being + 25 X 10~® and for silicic acid 
— 15 X 10“® cm./sec. It is partly duo to this, that 
reversal at the electrodes, and mutual precipitation in the 
body of the liquid are more pfonouncod. Indeed, in a 
gelatine sol some of the particles were found to be travel- 
ling from each of the electrodes at the commencement of 
the experiment. 

* Wied. Ann,, 1898, pii.] 84 , 217, 
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This siigge'sts that the charge Dii^an cmiilsoid is largely 
an accidental matter, befng deteriniiied hy the iiicdiinn in 
wliich it liappens to be, and tliat its normal condition 
is electrical neutrality. Gelrtinc, if charged initially, is 
ready to lose its charge to the electrodes, or, if not, is 
ready^to receive charges from the electrodes or from ions 
in the vicinity of the electrodes. ConfirniaHon of this 
view is to be found in the observations oi'i albumiri. 
Coagulated cgg-allmmiii docs not migrate in either 
direction in neutral solutions, but migrates to the anode 
in alkaline solutions, and to the kathode in acid solutions^ 
We must conclude from this that alliumin is electrically 
neutral in water and in neutral solutions, and that it 
becomes negative in alkalies (OK'), and ])ositive in acids 
(11-). 

Pauli’s experiments 2 on a sjiceially jnire albumin sol 
still fiirtlior coniirm tlicse conclusions. The albumin was 
dialysed’until no more electrolyte dilfused away. It was 
contained in three vessels connected together, the elec- 
trodes being in tlic two outer vessels. The concentration 
of the sol in the three vessels was determined hy 
KjeldaliTs nitrogen method ; the current was connected 
for periods \ip to twenty-four hours. Tlicre was no kata- 
phoresis, from wliich wc must conclude that the albumin 
is isoelectric witli water. In solutions with an acid 
reaction (H‘) the albumin migrated to the kathode, and 
was tlierefore positively charged ; while in alkaline 
solutions (OH') it migrated to the anode, and was 
negatively charged. It remained unaffected by neutral 
salts. ♦ 

It is quite open to explain this behaviour of albumin 

* Perrin, Cornet. Bend., 1903, 136, 1888; Hardy, J. Physiol., 1904, 
« 4 , 288. 

chem. Physiol. Path., 1906, 7, 531, 
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• . ; 

by Regarding it as an amplioteric substance, which as a 

base forms salts with acids, in which the, albumin forms 
the kation, and as such migrates to the kathode, as all 
kations do. As an acid, it ^'ill form salts with bases, in 
which it functions as anioy, and so travels to the anode. 
But wlicn wo recall Perrin’s observations (p. G9) bn the 
clfect of irhind 01 P on electroendosmosis with diaphragms 
of such substances as carborundum and naphthalene, to 
neitlier of which can be ascribed acid or basic properties, 
or amphoteric electrolyte structure, we are forced to the 
opinion tliat the possible amphoteric character of albumin 
is not tlie essential factor in its kata])horetic behaviour. 
Piathcr, that ])urc albumin, perha})S like most pure ernul- 
soids, is electrically neutral, and takes up or ~ charges, 
especially in solutions containing H’ (ti Oil' respectively. 
(See further, p. 90.) 

Oil emulsions made by shaking two c.c. of petroleum 
(density 0'9) with 100 c.c. of water, or by boiling the oil 
and water together, or by dissolving the oil in alcohol, 
pouring tlio solution into water, and linally driving olf 
the alcohol by boiling, were examined by llalschek.^ The 
dispersity was the same in all three cases, being 4 X 10 
cm. The oil was negative to the water, and the velocity 
of kataphore.sis vas —43 X 10“® cm /sec. per 1 v/cm. ; 
from this the value of e is 0 05V, and — 4*4 X IQ-"^ 
electrostatic units, values which arc practically the same 
as for the negative metal sols. 

TllKOItKTICAL 

In this section will he found iirst the deduction of the 
equations concerning electroendosmosis and kataph tresis 
already given in the two preceding sections ; and following 

* Roll. Zeitsch., 1911, 9, 1^ ; also Lewis, 1909, 4, 21L 
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ifc, a disoussiorf of the various theories which have been- 
suggested to account for ‘the origin of the potential dif- 
ference at the boundary between solid and li({uid. 

The Volume Equation. — Ii?, the steady state- resulting 
when a constant KM.F, is ap|)lied to electrodes in two 
vessels* connected by a capillary tube, no increase of 
hydrostatic pressure occurring, tlie mi>st be con- 

sidered merely to overcome the initial resistance, and thus' 
to impart the constant velocity. The force of friction is 
proportional to the viscosity, to tlie area of the moving 
surfaces, and to the velocity gradient. For the reason 
already given ({>. 06) we may consider botli the moving 
surfaces of the electrical double layer to be li(]uid, the 
liquid moving against a film of liquid, which firmly 
adheres to the solid. The viscosity is thus given by rj, 
the viscosity of the liquid. 

The mean velocity u is given by the lengtli of the 
column of liquid which passes out of the tube in unit 
time, V being the volume of liquid ; then 

TTV^IC = V (1) 

in which r is the radius of the capillary. 

The gradient of velocity can bo put = (p — the 

distance from the solid wall, and 8 the distance of the 
moving side of the double layer from the wall), since 8 is 
a small distance, and the liquid at 8 moves with the 
velocity u, and the layer itself has zero velocity. 

The frictional force for unit surface is thus : 


rju 

T’ 


or, putting in u = 


V TjV 
TTl'^' 7T}'^8 


The electrical force acting on unit surface of the moving 
Bide of the electrical double layer is ell, e being the charge 
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on tills unit surface, nifd H the iiotential grai^ient produced 
by the external E.M.F. 

These two forces balance in cipiilibAuin, and we 
have ‘ 


clI: 


'qV 


.( 2 ) 


Tlie double layer may be regiiidcd as a cnudeiiser of 
potential e in a medium whose dielectric constant is lb 
Then 


€ — 


'J 77 fT; 

1 ) 


this, with the preceding equation („), gives 


from which 


cUlI 7 ]/' 
IttS 77/ "d 


r 2 d)l[ 

4r; 


( 2 ) 


Substituting 


^ forir, 


E being the EAI.F. aiqdied to the 


electrodes, and I their distance ajiart, and sulistituting q 
the cross-section of a diaphragm for the cross-section 
of a single capillary tube, wc linally have 


Itti// 


CO 


in which form it is given on p. 07. 

The Pressure Equation. — If the liquid is not allowed 
to escape at constant (zero) pi-essure, the hydrostatic 
pressure P produced by the miration of a volume v of 
liquid is given by Poiseuille’s l.iw : 

TrPri 
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The equilibrium pressure P is obtaiueJ by combiuing 
this with equation (3) : 

2r^l ^ Aif^l 

from which ' 

TT/'- 

These are the tv^ro laws for electroeudosmosis. 

Velocity of Kataphoresis Equation.— The law for tlie 
katapliorcsis of solid pai tides in a stationary liipiid is 
readily deduced from the above relations. 

Imagine the particle to be a small cyliridm’ placed 
axially in the capillary tube, and to be stationary, while 
the liquid Hews past the cylinder in the annular space 
between it and the tube. If the annular space be regarded 
as made up of a seiies of tubes, the velocity of the liquid 
is obtained by combining equations (1) and (d): 


iri-'it =zv — - 


rhmi 

4V' 


from which 


cDlT 

4777 ^ 


( 6 ) 


If the cylinder be now regarded as moving and the liipiid 
as stationary, the velocity must stilt be the same (equality 
of action and reaction). 


Theories regarding the Electrical Proparties 

The formula) which ha. e just been deduced, have been 
shown in tlie preceding sections to be fully borne out by 
the experimental results. It is well, however, to state 
explicitly that tliey throw no light on the origin of the 
electrical phenomena described in those sections. The. 
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development of the equations is based upon the assunip- 
tion of '‘an electrical double layer,” one layer of whicli\\ 
can move, while the other remains stationary. The nature ' 
cf the double layer, or how it comes into being, or is 
maintained, are quite immaterial. 

These are, of course, questions of tlie grc'atcs't im- 
portance aiiTl interest. No final decisive answer can be 
given at tlio present time, but several very suggestive 
indications have been advanced, and are worthy of closer 
consideration. 

On the well-established ground tliat the exceptions or 
irregularities most often alford the clue, we may first take 
the positive sols, those basic hydroxides of metals and 
basic dyes, which, unlike the great majority of hydrosols, 
migrate to tlie katliode. This peculiarity lias been ex- 
plained in various ways; e.g. being metallic hydroxides, 
they can form metallic (positive) ions, by electrolytic dis- 
sociation. This is true, but they must at the same time 
have produced an equivalent amount of OlT or of some 
other negative ion. Eurtlier, zinc sulpliido (and most 
otlier metallic compounds) can also give )ise to metallic 
ions (kations), but they, notwithstanding this, migrate to 
the anode. 

Now if aluminimn hydroxide, for instance, in pure 
water is positive, while the water is negative, it would 
appear that the liydroxide has in some way unitctl with 
pait of the ir of the water, leaving the equivalent excess 
of OK' to produce the negative charge of the liquid phase. 
Pure water contains equivalent amounts of 11’ and OlT, 
though the actual concentratiols arc very small. From 
this we would infer that aluminium hydroxide dissolves, 
or adsorbs, or retains by permeation or diffusion, IT more 
readily than OIT. 

There is abundant experiiliental evidence to support this 
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view. Tho fofmation of a semiperlaeaWa membrane by 
reaction between aluminrtim salts and ammonia is evidence 
tliat aluminiiii’n hydroxide is impcrmcaldo by Oil', for 
otherwise, instead of a tliin fibn, whicli does not Increase in 
thickness, being formed, the reaction would continue until 
all tlio Al"' or Oil' was used up. It has also been shown ^ 
that even a large E.M.K. fails to drive Oil' across such a 
film of aluminium hydroxide. We may tlius* take it a^ 
proved that aluminium hydroxide cannot dissolve Oil' to 
any extent, and that Oil' cannot dilTusc into it. It has 
also been demonstrated that a film of aluminium hydroxide 
is permeable by lb, both by simple diffusion and by the 
application of an E.M.F. It is immaterial whetlier this per- 
meability is regai'dcd as a solution effect or as a diffusion. 

Thus, when aluminium hydroxide is suspended in 
even pure water, which contains equal concentrations of 
H‘ and OH', tho 11’ can dissolve in, or diffuse into it, 
while the equivalent of OH' will bo left behind, and will 
accumulate in the layer next the particles. 

We will next consider the case of albumin, as the 
type of another set of exceptional substances. Highly 
purified albumin shows no kataphoresis in water or in 
neutral salt solutions ; it therefore has no electric charge. 
From tho present point of view, this indicates that albumin 
either cannot dissolve H' or OH', or that both are equally 
soluble (or diffusible) in it. If the latter view is taken, 
the concentration of H’ and OH' in albumin will vary 
directly as their concentration in tho liquid, i.c. in acids, 
which contain more H’ and less OH' than water, it will 
take up an excess of H’, and will be positive. The 
positive charge will increase with increase in acidity of 
the liquid. In alkaline solutions there is mure Oil' and 
lees ir than in water; the albumin will become negative, 

1 Taylor and Inglre, loc. cit., p. 74. 
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and the charge will increase as the nllcalintty increases. 
In ea*oli case tlie eirect of iucreasiiTg acid or alkali will fall 
•off, as a saturation limit may soon be reac!ie(l. 

Admittedly, these ideas caiinot be carried much further, 
for practically nothing is known rcigarding solubility or 
diffusibility of ions in most sulistances. Nor dixjs it 
follow b(!cause these “explanations” tit the facts, tliat 
they are cofrect. There may be many ])ossible explana- 
tions, only one of which can be light. Indeed, the most 
proliable of the suggestions is that one whicli substitutes 
adsorption for dilfiision or solution : and this, partly 
because adsorption is a wider and more universal pliciionie- 
uon than the others, and parlly because it can be observed 
or assumed to occur in more instances tlian tliey. 

The adsorption theory explains the predominant effect 
of ir and OH' on the electric cliarge by stating tliat these 
ions arc more readily adsorbed than otlier ions, and that, 
fuither, Oil' is more readily adsorbed than IT; from 
which most sols are negative to water. It is not so clear 
why Oir is loss readily adsorbed than IT by those basic 
hydroxides which form positive sols, nor why albumin 
ad'^orbs both ions equally. Freundlich suggests that the 
basic substances produce OH' in the adherent layer, and 
that, owing to its greater ditfusioii velocity than the other 
ions present, it diffuses into the moving layer, imparting 
to it a negative chargi', and leaving the particle positively 
charged ; and similarly with the feehly acid substances 
and H’. The great influence of acud or alkaline reaction 
of the medium on the magnitude, and even on the sign of 
the charge on the sol, is readil^fseen from this point of 
view. 

The fact that the effect of ions is relatively greatest at 
small concentrations is what would be expected from the 
relation between adsorptioi> and concentration. It ia 
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plain, too, that only adsorption of ions of opposite charge 
to that on the sol can reJucc the charge on the sol, for the 
adsorption of the other ion would increase the charge. 
The valency rule also is capable of explanation from the 
same point of view (see p. !()!{). 

In many instances electrolytic dissociation docs not 
afford an explanation ; e.(j. drops of petroleiVln ^ in water 
are negatively charged, as also is aniline.^ According to 
Perrin;' there is no electric charge at tlic interface of 
solids and liipiids in non-ionising liquids, such as chloro- 
form and ether. Again, transference of electrons at tlic 
interlace may also occur. 


ClIAPTFdl IX 

PKECIPITATION 

One of the most striking features of certain of the sols 
prepared by Graham and other of the early investigators 
of colloids, and one which attracted their attention, is 
their extraordinary sensitiveness to chemical reagents. 
Aluminium hydroxide sol, for instance, prepared by 
Graham’s method, gives a dense precipitate when one or 
two drops of dilute sulphuric acid are added to it ; this 
precipitate is aluminium hydroxide. The sol is still more 
sensitive to neutral sulphates {e.g. sodium sulphate). 
Many other sols are equally sensitive. 

In some cases this process can be reversed, and the 

‘ Lewis, Koll. Zcitscli.y 1900, 4 , 211. 

• Ellis, Zeitsch, Physihal. Chein , 1912, 78, 321. 

‘ * Perrin, Jour. Chm. 2, 001 ; 1905. 3. 50. 
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sol regenerated by merely washing away tin? reagent with 
pare* water, but in others this* eaniiot be done, there 
being apparently no direct method of regaining the sol. 
Between tlfese extremes lie t^e majority of sols. Jn many 
cases the reversiltilily is a question of time ; the precipita- 
tion is reversible at first, but^sooner or later, passes tlu’ough 
stages of iikcomplcte reversibility to comi)lcte irreversi- 
bility. Tlfl} division of precipitations into reversible and 
irreversible depends on an arbitrary interval of time. 

Instability, the tendency to undergo change either 
spontaneously or under the inlluence of very small 
amounts of reagents, aiipeared to be characteristic of 
colloids, though possessed by different colloids to very 
different extents. The metal sols, in whatever way 
prepared, arc, as Faraday, Zsigmondy, and Brcdig found, 
prol)ably the most susce])tible to changes, which seemed at 
first siglit to 1)0 spontaneous, due to inherent instability, 
but which were later shown to bo (h'pemhmt on the 
method of iircjiaration, and especially on the nature of 
other sulistances formed in the reaction simultaneously 
with the sol. On the other Iiand, many sols were 
extremely stable, and remained uuebangod for years, 
although they were highly sensitive to small amounts of 
reagents. 

d'his susceptibility to reagents is, as a rule, limited to 
electrolytes: salts, acids, and bases; indifferent substances, 
whether inorganic or organic, have usually no appreciable 
effect, until they are added in large quantity. Sols vary 
very much in their susceptibility to reagents ; some are 
readily precipitated while others|are not alfected by some 
salts, and require large amounts of otlier salts to cause 
precipitation. They have accordingly been classed as 
hydrophobe and hydropliile sols, or more generally, as tlie 
distinction also applies to other dispersion media, lyophobo 
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and lyophile'sols. Broadly, tliis division agrees with that 
into suspcnsoids and emnlsoids. The propriety of the 
terms will be evident if the fundamental differences* 
between suspensoids and efniilsoids are recalled (p. 18). 
It is necessary also to bear iii mind the present use of the 
term*“,^r/” (Introduction, p. 5). 

As the phenomena of ])rccii)iiation arc set varied, they 
will be dealt with in the following order: — 

A. Tlic action of electrolytes on suspensoids: 

(a) qualitative, (h) quantitative, (n) valency rule, 
(d) adsorption, (c) stabilising effect of ions. 

P), The “ complex ” theory of colloids, 

C. The action of rengents on einulsoids : 

(ft) album iu, (b) gelatine, (c) silicic acid. 

1). Protection of sus])ei)soids by emnlsoids. 

E. Mutual precipitation of sols. 

The Action of Electiiolytes on SiisrKNSoins 

When successive small quantities of a salt are added 
to a sol, the sol becomes opalescent, and a llocculent 
precipitate linally appears, which settles out, and leaves 
the medium clear aud free from the dispmso phase. This 
behaviour, first observed by Solmi, and later by (Iraham, 
is well known to every student in the case of arsonious 
sulphide, which is obtaimid as a sol by interaction of 
arsenious acid aud hydrogen sulphide solutions; no 
precipitate is obtained until acid or salts have been added. 
The changes are readily followed under the microscope ; 
when opalescence comminces, the particles, while visibly 
increasing in size by coalescence, are in rapid Brownian 
movement. As the size increases, the movement falls off, 
&nd when the particles settle out, they are no longer 
in motion. 
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Tlie course of these chaiiffcs can be fbllowed more 
completely in the ultramicroscope* Commencing: with an 
amicron sol, the first ellect is the production of submicrons, 
seen as itidlvidiial discs of liyiit in active Ilrownian move- 
ment. On furtlier addition of electrolyte, tliey decrease 
in nunil)(;r by uniting witli each other to form inierons. 
Along with this the Brownian movement becomes 
^uggish, aitd, as the micron stage passes into the macron 
stage, diminishes to complete cessation; sedimentation 
then occurs. 

This cessation lias been considered by some to be the 
cause of precijiitation, the priimuy effect of the electrolyte 
being on the Brownian movemcid, slowing it down. It 
had, indeed, been observed that small concentrations of 
electrolytes actually do reduce it, and ct laso cause it to 
cease. Svedberg sliowed that the secpienco is the reverse 
of that stated above, i.e. tho electrolyte causes the par- 
ticles to unite, and tho Brownian movement becomes 
slower in consefpicnce of the larger size. There was no 
cliaijgc in tlie amplitude before and after the electrolyte 
was added, until the size began to iiuirease. The following 
figures refer to a silver sol, to which increasing amounts 
of aluminium suljibate \\ere added. It was possible to 
determine the amiilitude before a simsilile amount of 
precipitalion had occurred. Even so great an amount of 
alhminium salt as to reverse the electric charge on the sol 
had DO elTcct on the amplitude. 


Kafaphoretic velocity Amplitude 
(till /see X 10*_). iii^t. 

- 2 1 1-3 

- 2'G 1-3 


Kataphoretic velocity Amplitude 
(cm /Hcc y lO!*). Ill 4. 

4 -P013 1-2 

^ + 1-76 1-2 


These figures make it ciuite clear that the alteration in tho 
Brownian movement is due to antecedent changes in 
the sol. 
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The cause is rather to be sought in the electrical 
phenomena. Burton iwticed in his experiments o'n the 
eHcct of Af* on tlie kataphoresis of silver sols, that the 
latter appeared to be at^ maximum inMnliUj when 
the kataphoresis was reduced to zero, i.e. at the point of 
electric neutrality, the isoelectric poiiit. Of the four 
silver sols in the table on p. 81, the pure spl was stable 
for indefinite periods, the two following ( 7 ^ = — 7'2 and 
+ 5-9 X 10"®) precipitated in a few hours, and the last 
(m = 4 - 18*8 X 10 “®) was more stalile, not being complttely 
precipitated in four days. The effect of tlie electrolyte is 
first of all to diminish the potential difference between the 
disperse phase and the medium, and precipitation only 
occurs when the potential dilference has been brought 
sufficiently near to zero ; smaller amounts of electrolyte 
Iiave practically no effect on the stability of the sol. 
Linder and Picton ^ added to a ferric hydroxide sol one- 
sixth of the amount of NaCl necessary for its complete 
precipitation; it remained clear even on boiling. As the 
sol could no longer be filtered unchanged through a porous 
plate, its dispersity must have decreased, although not 
so much as appreciably to diminish its stability. 

The ])rccipitation of sols by electrolytes has been 
recently worked out by Ixruyt and Spek,'-^ and, according 
to them, the processes concerned are as follows : — The 
particles unite after approaching on account of Brownian 
movement (probability of collision) ; the probability that 
collision leads to union depends on the electric charge on 
the particles, which, in turn, depends on the electrolyte 
added, corresponding t|^ adsorption of the added ion. 
Decreased dispersity (by boiling, or change of initial con- 
centration, as by dilution of a more concentrated sol) 

» Ghent. Soc. Jour., 1905, 87, 1993, 

» Koll, i;eUsQh.,,m9, 25, 1. 
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causes an increase oi precipitation value fo!* K* and Ba“, 
a de*crease for Al’". With a lo^er total surface, a corre- 
spending decrease of electrolyte is nccessjliy for a given 
adsorbed amount ; dilution, or reduction of dispersity 
brings the pai tides further apart, so the probability of 
collision is loss, and in eqiilll conditions for precipitation 
a greater probability that collision leads to union, i.c. a less 
Tibargc is re(iiurcd (lowering of critical potential). These 
opposing tendencies emerge to dilferent extents for dilfer* 
ent ions. 

We must conclude, then, that a definite concentration 
of electrolyte is necessary for precipitation, and that, since 
smaller concentrations may cause only partial precipita- 
tion or even none at all, it is not improbable tliat 
larger concentrations may also produce partial or no 
precipitation. 

, The Precipitation Concentration.— The existence of 
this limiting concentration was first demonstrated by 
Bodlknder^ in the case of kaolin suspendons. This is 
well shown by the following table : — 

K.iolin. 

g. |.t't 

()•,) 

G i 
4-8 


00 

012 

0-lG 

010 


Ksolin. 
g ]M r iilH' 

77 

7-5 

77 

7G 


Add Cdncentralmn. 


0-25 
0 28 
0 2’J 


The same bolds for sols ; below this limit of concentration 
there is no precipitation even after a long interval of 
time.^ An arsenious sulphide sol contained 9’57 milli- 
mols per litre; in portions of this sol containing T219 
and 2’438 millimols of potassium chloride per litre, the 
concentrations of arsenious sulphide at the end of 340 
days were 9*60 and 9*45 millimols respectively. With 

• Gottinger Nachricliten, 1893, 267. 

* FreundUch, Zcitsch, phyfikal. Chem., 1993, 44, 141. 
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0 

3 '90 millimold of potassium clilorido per litre, tho sol 
was almost completely p?ecipitated in tliis time. ' ^ 

It is a pciailiar circumstance that tho manner of 
adding the reagent has a masked circct on pretn'pitation ; 
when the leagmit is added very slowly, or a little at a 
time, a much larger amount* is necessary for complete 
precipitation. The sol a^ipears to become “ acxdimatiscd.’' 
For instance, tlic amount of barium chloride* necessary 
for complete jneinpiiation of an arsenious sulpliide sol in 
two hours was ascertained. AVheii this amount was 
added in small quantities at a time, precipitation was 
far from complete in two hours, and a much larger amount 
was then necessary. Tho slower tlio reagent is added, 
the greater is this excess. This is a general occurrence. 

If, as an experiment of iMines suggests,^ tho pre- 
cipitant reverses tho sign of part of the disperse pliase, 
which then mutually precipitates tho unchanged particles, 
i.e. if the action is duo to irregular distriliution ot electric 
charges, it is evident tliat tho effect juoduced by a given 
amount of electrolyte wdll depend on tho rate at w'hich it 
is added. For if it is slowly added, time is afforded for 
all the particles co be equally alfected, and, thereforo, 
there will be no precipitation. 

The Valency Eule. — The most striking thing about the 
precipitation of sols by electrolytes is tlio enormous 
difTereiices in the precipitation concentration of different 
salts. This is equally true of suspensions and of sols. 
The following figures, given by Fodlauder,^ illustrate 
this. Tiie concentrations are not precipitation-concentra- 
tions, but are the concentrations which exactly doubled 
the rate of sedimentation in the pure suspension. 

1 Koll. Chem. Beihrftc, 1912, 3, 191. 

® Jahrl). Mineral, 1893 , 2 , 147 . 
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Electrolyte. 

Kaolin Suspension. 
• Mg. equivalents in 
100 c.c. suHgeusion, 

HCl . . . 

0(l()17 

H-NO, . . 

0-0016 


0 0016 

HoSOj . . 

. • . . . 0-0020 

. . 

0-:3700 

H^VC4 . . 

0-0183 

i\aOH . . 

J186 

J3a(()l(), . . 

0-3700 

NaNO. . . 

..... 0-0133 

CaCIo . . 

0 0029 

MgCl2 . . 

0-0016 


Similar le.sults wmj obtained by both Hardy and 
Pechhold fur mastic sols and a gold sol 1 : — 



IMa.stic (Hardy), 

< roJJ sol (Hardy). 

Electrolyte. 

f in. oquiv. jicr litre. 

gm. oqniv. per litre. 

HCl . . 

. 0-001 

0-008 

IW\ . . 

. . 0-004 

0-008 

11280,. . 

. . 0-004 

0*008 

H2CVb . 

. . 0-009 

__ 

XaCl . , 

. . 0-12 

0-013 

K0SO4 . . 

. . 0 24 

0-026 

. . 

. . 0-022 

0*004 

MgSO^ 

. . 0 028 

— 

KOH . . 

. . — 

0*09 


Eloctrolyto. 

NaCl . 
AgKOg. 
HCl. . 

H2SO4 . 
MgSO^ . 
ZnSO^ . 


Mastic (Bcchhokl). 


mg equiv, 
per litre. 
. 1000 
. 125 

10 
10 

. 100 
. 100 


Electrolyte. 
JJaCl. . 
CaCb> . 
CdSU4 

FisfSOi), 
A1(N03)3 
FeCla . 


mg. equiv. 
per litre. 

. . 50 
. . 60 
. . 25 


■ . . . 0'5 
. ... 0-5 

. . . . 0'6 

. ... 09 . 


^ Hardy, Zcibch, physikal. Chm^ 1900, 87, 386; Becbhold, Zeitich 
fhysikal. Chem., 1901, 48, 385. 
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It is obvious from these results that these electrolytes 
fall naturally into three groups, the members of each 
group possessing the same precipitating power. As the 
same anions are to be found in all three groups, the 
enormous differences cannot be asci-ibcd to them, but are 
eithei' due to the unionised molecule or to the kations. 
The kations in each group are of the same Valency; the 
univalent kations TF, Na‘, K', etc., in tlio ’lirst group, 
with the smallest precipitating power; followed by the 
bivalent kations Ca", Fa", Mg“, Zn”, etc., and by the 
third group, the trivalcnt kations A1‘”, Fe"‘, etc,, with 
the greatest precipitating power. 

All the sols ill the above tables are negative ; it is 
clear that the precipitation is mainly effected by the ion 
of opposite electric charge, and that the precipitation- 
concentration is a function of the valency of these ions. 

If this conclusion is correct, the preiapitation of posi- 
tive sols should depend on the valency of the anion. Ex- 
periments made to test this have fully contirmed the 
valency rule. Hardy, who first established this rule, found 
the following figures : — 


Eeukic Hydroxide Sol. 


Electrolyte. 

Concentration 
gm. cqniv. 
per litre. 

Electrolyte. 

Concentration 
gni. equiv, 
per litre. 

HCl . . 

. . . 0-5 “ 


. . 0*002 

HNOn . . 

. . . ()'5 

. . 

. . 0*002 

IsbiCl 

. . . 0-5 

KjSO, . . 

. . 0*0006 

KOlf ! 

. . . O-OOl 

MgbO^ . 

. . 0*0005 

l)aC]2 • • 

. . . 0*001 

.... 11 

H 3 citrate . 

. . 0*0007 


Certain peculiaritiesVi these results reiiuire explana- 


tion, but on the whole they confirm the valency rule, 
the three groups containing the univalent, bivalent, and 
Trivalent anions respectively. A very extensive series of 
experiments by Ereundlich* fully establishes the rule. 
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Ferric Hydroxide Sol (1J5 m.inols per 


Electrolyte. 

Cone. nv^. 
cqiiiv. lU 
* 1 litre. 

HaCl . 

, . . . 9*25 

XCl . 

. . . . 

]>aCl2 . 

. . . . 9*04 

KNOo . 

. 11*9 

•Kllr . 

? . . . 12*5 

]]a(N(),), 

. . . . 14*0 

K1 . . 

. . . . 10*2 

ElootroI}tc, 

Pevtinuh Soe (*1 

Cone, (m mol 
per litre) 

NaOU . 

. . . . 130 

NaCl , 

. . . . 2*5 

KCl . 

2*2 

AgNOo 

. , . . 0-22 


Eloctrolyto. 

, Cone, mg. 

equiv. in 
1 litro. 

nc4 . . 

. ca 400 

]la(On)_5 . 

. . . 0*42 

K 0 SO 4 . . 

. . . *0*204 

MgSU^ . 

. . . 0*217 

^201*2^7 • 

. . . 0*194 


. . ca 0*5 

in, atom per 

litre). 

I'lloetrolyto. 
lUClo . . 

Cone, (m.mol 
per litre). 

. . . 0-058 

i;()./xo3)2 

. . . 0-005 

ri)(X()3). . 

. . . 0-011 

iAl2(SOQ3 

. . . 0*013 


Arsen IOU8 Suli-iiide 


Electrolyte. 

Univdfai t ludion v— 

Cone. 

IK3 citrate . . . 

210 

k6,]\,ih. . . . 

110 

ICCllU., . . . . 

80 

. . . . 

05*5 

KCl 

49*5 

KNO^ 

50*0 

NaCr 

51*0 

LiCl 

58*5 

HCl 

30*8 

. . . . 

30*1 

Guanidine nitrate . 

10*4 

Strychnine „ 

8*0 

Aniline clilorido 

2*52 

Tuluidine sulphate . 
p. chloranilirie 

1*17 

chloride . , . 

1*08 


(7*54 in.Diols [)('!’ litre). 

Eloctrolyto. Cone, 

Morpliiiie clilujidc . 0’l-i5 
Crystal violet . . 0*1 G5 
Neo I'luGisiii . . . 0*114 

V>iv<il(id ludioii'i— 

M-sOj .... 0*810 

:\Io(ji2 0*717 

(’aCl 0*049 

SrCl.,“ 0*035 

llaCC 0*091 

I5.((MV 0*087 

ZiiCL, 0*085 

l^OotNO^y, . . . 0-042 

Quinine sulphate . 0*24 
IJenzidine nitrate . 0*087 

Triraknt Kalians — • 

Al(;i3 0*003 

• 0*095 
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Hnrd-y’s rille that the precipitating power of an electro- 
lyte depends on the Vtllency of the ion, whose electric 
charge is oj)pdsite to that on the sol, is thus fully estab- 
lished. • 

We tlius have the same law applying to the amount 
and direction of electroendosmosis and kataplioresis on the 
one hand, and to precipitation on the other.* It is tlien 
higlily probable that tlic latter is a consequtmee of the 
reduction or eliininatiouof the jiotential difrcreiico between 
the disperse phase and tlie medium. If tlie electric cliargo 
on the particles is due to the adsorption of kations or 
anions, according as the sol is or it is easily seen that 
the neutralisation of this charge requires the adsorption 
of anions or kations. further, the readily adsorbed 11’ and 
Oir, which we have seen to have so powerliil an effect in 
electroendosmosis, should also have a greater precipitating 
power than other univalent ions. The data given above 
contain illustrations of such an effect. Not only so, but 
any ion which is icadily adsorbed ought to h.ave a lower 
precipitation- concentration than other ions of the same 
valency. i\mong such are the organic ions. We shall 
return to this later on. 

Explanations of the Valency Rule. — Various explana- 
tions have been advanced. Qualitatively, there is little 
difficulty, if it is remembered that precipitation is a con- 
sequence of removing a definite electric charge from the 
disperse phase ]>y means of ions of opposite charge. As 
the charges on uni-, hi-, and Iri-valcnt ions are in the 
ratio 1:2:3, the equivalent amounts will be in the ratio 
3: 1-5:1. < 

The quantitative relation is not so easy. Whetham * 
applied tlie theory of probabilities, and reached the con- 
clusion that the ratios of the molecular precipitation- 
» Phil. Maj., 1839, [v.] 48, 474. 
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coTi(^ontrations of niiivalent, bivalent, and trivalent 
ions aie 

Cl : ^2 : ^3 : h * 

h bein,f^ a constant. * 

Preiindlich assnnies tliat neutral salts, wliatovor their 
viilency, are. equally adsorbed from ecpiimolecular solutions, 
and that they follow the ad.so]‘[)tion law. The charj^^cs on 
uni-, hi-, and tri-valent ions beinq in the ratio 1:2:3. 
the amounts to be adsorbed, in order to produce complete 



Fig. G. 

precipitation, will be in the ratio 3 : 1*5 ; 1. The concen- 
trations of solutions in which bivalent and trivalent ions 
will be adsorbed to thc.se extents, conqiarcd with the 
necessary adsorption of univalent ions, can be read from 
the adsorption curve (p. 255). These should be approxi- 
mately the precipitation-concentrations of the solutions. 
The simplest test of this is to |^lot tlio loi,mrithms of the 
concentrations against the logarithms of 3, 1*5, and 1. The 
curve will be a straight line, if the adsorption law is 
followed. When this is done for the data fer arsenious 
sulphide and platinum sols the curves are practicalfy 
straight lines (Fig. 6). 
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Adsorption of the Precipitating Ion.— Perhaps the, best 
confirmation of the above ideas as to the mechanism of 
precipitation is to be found in tlie fact, that when a sol is 
precipitated, tlie precipitate ‘“carries down” with it part 
of the reagent, or rather, of ,thc ion of opposite charge. 
This vt^as first noticed by Linder and Pictoii ^ witli arseiiioiis 
sulphide sol and barium chloride. The supernatant liqiiitl 
was found to be acid, and a corresponding quantity of 
barium was found in the precipitate. It was so firmly 
held by the precipitate that no amount of washing with 
water availed to remove it. It could be removed by 
washing it with a solution of some other salt, the kation 
of which took the place of the barium. These observations 
have been subsequently confirmed and extended. 

According to the explanations of the preceding section, 
only the precipitating ions should be adsorbed, and in 
electrically equivalent amounts. The amounts of different 
ions adsotbed by a given amount of precipitate ought then 
to be chemically equivalent. This is the case.^ Thus 
100 c.c. of arsenious sulphide sol adsorbed the following 
weights of ions : — 


Ion, 

Weight adsorbed (gram), 
observed. calculated. 

Ba . . 

. . 00070 

0-0076 

Ca . . 

, . 0-0020 

0’0022 

Sr . . 

. . O-OOiiO 

0 0040 

K . . 

. . 0-0036 

0-0042 


The weights equivalent to 0 0070 g. Ba are given in the 
lust column. ^ 

Freundlich^ examined several organic ions, which also 
agreed with the rule. The number of milligram equivalents 

. » CJiem, Sac. Joiirn., 1895, 67, 63. 

• Whitucy and Obor, J. Amer. Ghcm. Soc., 1902, 23, 842, 

* Soil. Zcitsch., 1907, 1, 32/. 
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of ka^ions adsorbed by 100 inillimols of arsemoiis sulphide 
is very nearly 2 (the number varies from 2-5 for Ca to T8 
*for aniline). 

The impossibility of washing out the adsorbed ion with 
water, and the C|uantitalive replacement of it by otlier 
ions, correspond closely witli the behaviour of adsorbed 
substances ih general. The positive sols afford further 
confirmation. Organic anions liave an unusually low 
precipitation-concentration for ferric hydroxide .‘^ol, c.y. — 


Sodium chloride .... 

. . . 300 

„ formate . . . . 

. . . 50 

„ a(;etate . . . . 

. . . 30 

„ benzoate . . . . 

32 

„ salicylate . . . . 

'. . ’. 20 


Now organic acids are as a rule strongly adsorbed, and 
so the amount of anion necessary for electrical neutralisa- 
tion and })reci})it;ition will be ad.sorbed from more dilute 
solutions. 

The Stabilising Effect of Ions. — Attention has just been 
directed to the specially low precipitation concentration 
of organic anions on a positive sol. A glance at the 
tables on p. 101 .shows that those salts have an abnormally 
high precipitation-concentration for the negative sols. The 
same holds for Oil', and the rovcr.se for IT. Acids and 
bases occupy an exceptional position in all the tables, 
whether relating to sals or ~ sols. Thus for ferric 
hydroxide the prccipitation-concontratioiis are — 

IkiCU 9-GT 

licf 400 

l)a(Un)o 0-42 

Tlie figure for barium diloiide is about the same as that 
far 4 ;iy other chloride, except hydrochloric acid, and the 
figure for any univalent anion, except OH', is nearly the 
same as for 01', 
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It thus Appears that II‘ exerts an itifluence on a positive 

which is opposed to precipitation, wliile OTF has tho 
opposite ofTect. Tho corresponding effect with nogativo 
sols will be that OH' liinders precipitation, wliile' H’ 
favours it, and this is wliat actually h.ippeiis. The p e- 
cipitation-conccntration of sodium cldoridc on a platinum 
sol was 2'5, of sodium liydroxide IdO. The' iigurcs for a 
mastic sol were: sodium chloride = 0*12, and liydrochloric 
acid = O'OOL Bodlander’s figures for kaolin are a good 
illustration, c.g . — 


HNO^ 

.... 0*0016 

NaNOg 

.... 0'()133 

NaOn 

.... 1*19 

CaCfg 

.... 0*003 

Ba(OfI)o .... 

.... 0*37 


In all these examples W'e see that H' and Oil' 
exercise ojiposing influeuces on both positive sols and 
negative sols, but that each of them has a similar effect on 
sols of the same sign as themsclvc'', i.e. IF stabilises posi- 
tive sols, and OIF stabilises negative sols. This is what 
the facts of clcctroeudosmosis, and the theories regarding 
the origin of the potential dilfcrencc at the interface of 
liquid and solid, would load us to expect. A positive 
diapliragm and a positive sol will have their positive 
chaigc increased by the presence in the liquid of a highly 
adsorbablc kation, such as 11’ and the organic kations; 
they will be more readily discharged by highly adsorbable 
anions, such as Oil' and organic anions. The converse 
will hold for negati\c diaphragms and sols. 

The precipitating effect of an electrolyte is due to a 
balance between two opposing influences; a suspending or 
stabilising effect due to the ion of tho same sign as the 
Bol.'and a labilFing or preci^ritafing effect due to the ion 
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of opposite sign. The valency rule is approximately true 
because in the majority of cases,* t.e. inorganic salts, the 
•one force is much greater than the other. ’Still, even in 
the case of neutral salts the <Ulferenccs between univalent 
ions are far greater than the experimental eiror 

Many instances could b? cited in illustiatioii oC this 
view, but two will sufiice. Brcdig discovered a method of 
preparing ifietallic sols by electrical dispersion of solid 
metals under wat(ir. These sols, which are negative, were 
not very stable, and Brcdig recommends the addition of a 
trace of alkali to pure water, to increase the stability. In 
ICohlsch litter’s method of prej-iaring silver sol (p. 187) there 
is always some unreduced silver hydroxide left. Most of 
this can be reduced by hydrogen gas in a platinum basin, 
but not quite all of it. The less hydroxide remains, the 
less stable is the sol. Unless very pure conductivity 
water is employed (electrolyte-free) the sols usually pre- 
cipitate towards the end of the purification. 

We must also revert to Burton’s experiments on the 
kataphorcsis of silver or gold sol, to which varying amounts 
of Al'" had been added (p. 81). The trivalcut kation, 
which is so potent in discharging and ])recipilating the' 
negative sols, reverses the direction of kataidioresis, and , 
also incrcas(!s the stability of the sol when added in larger 
quantity. In this connexion, his expiiriments with quadri- 
valent ions are interesting. lie failed to obtain precipita- 
tioa*with stannic chloride or platinum chloride. Tiiere 
are two possible explanations for this failure. Probably 
in neither case docs the solution contain a quadrivalent 
kation; stannic chloride is hydrolysed into stannic acid 
sol, which is emulsoid, and would ** 'protect ” tlie silver sol 
from precipitation by electrolytes (p. 180); if the platinum 
chloride was rtCl 4 (and not Il 2 PtCl 6 ), it was probably 
entirely converted into an oxy-acid (H 2 PtOCl 4 ), in which 
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the kation is 'll’ and the platinum is part of the anion. The 
Ollier explanation is thc\t, in accordance with the valency 
ruh', ilie precipitation-concentration of a quadrivalent iou‘ 
is exceedingly small, and a &mall excess over this amount 
would, as in the above case of Al’**, convert the silver sol 
into a stable positive sol. * 

Tjie “Complex” Theory of Collo/ds 

These relations between the stability of sols and the 
presence of ions or of electrolytes in tlie disperse phase 
have naturally led to the question whether a colloid is not 
essentially a complex made up of the two. Thus the above 
silver liydrosol will bo either irAg, yAgOH, or more simply 
aiAg.yOH', and so for other sols. This idea is found quite 
early in the history of colloids. Graham observed that 
dialysis, however prolonged, did not remove all the chloride 
from his ferric hydroxide sol, the limit being 98'5 per cent, 
of ferric hydroxide to 1*5 per cent, of hydrochloric acid. 
The amount of chloride was later reduced to less than half 
this, 9915 per cent. .Fc(OH )3 to 0 85 per cent. IICl, and 
recently again by Xicolardot^ to 99’8'1 per cent. Fe(OH )3 
to OIG per cent. IICI. 

The same thing occurs in many other instances, 
zirconium hydroxide sol,^ prepared by hydrolysis of the 
chloride {ind dialysis, contained 0'0048 g. Cl' to 0’GG7 g. 
Z 1 O 2 . The sulphide sols prepared by Linder and ri(iton3 
were found by tliem to contain hydrogen sulphide, which 
could not be removed without precipitation of the sol. They 
determined both the mct^l and the sulphur ; the excess of 
sulphur amounted to several per cent. They regarded the 
hydrogen sulphide as an essential constituent of the sols, 

' Rechei dies sur le sesnidoxidcde fer, Thbso, PLiris, 1905. 

* Uncr, Zritsdi. anorg. Chem., 1905, 43, 232. 

• Cheni. Soc. Journ.f 1892, 6f, 114. 
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and assigned formula 3 to them, e.g, 1 * 128 ; 22CiiS, 

H2S;*12ZnS, H 2 S. • 

• W yrouboff ^ and pupils represented the vat’ious dialysed 
ferric hy(lr(/xule sols as clilonides of “condensed’' ferric 
hydroxides, a reminiscence of (Jrahani’s “co” salts. This 
idea was further developed Ity Diiclaux,^ and exUaided to 
other groups* of sols. In particular, copper ferrocyauide 
was shown fo contain K‘, no niatter wliat excess of CuSO^ 
had ])een employed. The formula varied between 
Cu 2 L('.(CN)q, JK 4 be((jN)e and Cu 2 Fe(CN)(., T.\,K 4 Fe(CN')Q. 
Similar results were found for cadmium sulphide from 
cadmium sulphate and hydrogmi sulphide; the sol always 
contained all three substances, whether there was excess 
of either the one reagent or the other. The stability of the 
sol de])eiids on the presence of these ions 

From this standpoint, precipitation by electrolytes 
becomes a chemical reaction, a double decompusition 
in fact, and the valency rule becomes obvious. The equi- 
valence of the ions necessary for equal precipitation has 
already been dealt with, but Diiclaux’s liguros for ferric 
hydroxide sol are so striking that tliey are given below .2 
The sol contained 0*0203 equivalents Fe, and 0*001G() 
equivalents Cl per litre. 10 c.c. of the sol (= IG‘6 X 10~® 
equiv. Cl) required 


17 X 10- 

equiv. 8 O 4 

1G*5 



(citiaie) 

15*2 

CrOj 

17 

CO3 


19 X 10^*^ equiv. PO 4 

iG on 

13 Fe(CX )0 


Similar figures were obtained for the negative copper 
ferrocyauide sol. 


> Bull. Soc. chm., 1899 , 21 , 137 . 

* Compt. Bend., 1904 , 138 , 144 , 809 ; 1905 , 140 , 1403 , 1544 * 
1906 , 143 , 296 , 344 ; J. Chim. Phys* 1907 , 8 , 29 . 
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In the Efttempt to prepare pure silicic acid sol by 
Graham’s method, Jordis^ found that the more it was 
purified tlie more unstable it became, and formed the' 
conclusion that sols are ches'iical compounds, ' 

The amount of salt associated with the colloid varies 
with, the concentration of thh salt in the liquid, 2 which is 
contrary to chemical combination, but is in a^TCcmcnt with 
adsorption. Lottermoser^ has shown that Silver halide 
sols can be made from very dilute solutions of silver nitrate 
and KX. If silver salt is added to potassium iodide solution, 
a silver iodide sol is obtained, which is stable so long as there 
is an excess of jiotassium iodide ; but so soon as Ag’ and P 
arc exactly eipii valent, the sol is unstable and is precipi- 
tated. These sols aio negative. Startitig in the reverse 
order, the sol is stable so long as there is excess of silver 
nitrate, and is j)rccipitated when there is none. These sols 

positive. 

Wo are thus led to conclmlo that the stability of sols 
is coJinected with the presence in the sol of small quantities 
of other substances, usually substances related to or derived 
from the colloid itself. 

For one class of sols this seems improbable : the metal 
sols, especially the sols of noble metals, as gold and 
platinum, and most particularly when prepared by Bredig’s 
method. The gold sols formed by reduction of auric 
chloride contain Cf, for after precipitation CT is formed 
in the liquid.^ But in Bredig’s and Svedberg’s electrical 
dispersion methods (p. 217) the sols are formed at very 
high temperatures in the presence of air. It is by no 
means im})Ossible for traces of oxides or hydroxides to bo 

’ Zcitsch. anorg, Chem., 1903, 36, 16; Zeitsch. Elekhoclievi., 1904, 
10 , 509. 

* Henri and Mayer, Gompt. Rend., 1904, 139, 924. 

" » J. pr. Chon., 1905, 72, 39; 1906, 73, 374. 

• iSteubiug, Ann. Fhysik., l'JQ8,»[iv.] 26, 335. 
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formed under tlieso conditions. The base ifletals when 
treated in this way give sols wliifih, in appearance and 
jymeral l)e]iavionr, are lilco hy(lr()xiile sols.^ •Even if air 
is excluded, t»he dispersion nicdiuni is uiKlcrguing chemical 
decojijposiLion, owing to tlie liigh tem[)eratiire, and so the 
possibility of the formation ^of compounds is increased. 
TJio instability of Kohlscluitter’s silver sol, when freed as 
far as possibi'e from silver hydroxide, has already been 
refericd to (p. 107). 

The Action of Electrolytes on TAiulsoids 

The diirenmces between sus| 'msoids and eniiilsoids in 
their bchiiviour towards electrolytes are vmy maiked, 
even more so than their electrical bidiaviour would lead 
us 'to anticipate. They are not merely differences between 
liquid and solid disperse phases, for fci’ric hydroxide sol, 
whicli is proliably liquid, docs not ditfer in (his respect 
from other sols winch are undoubtedly solid. As has been 
pointed out (p. 1 0), emulsoids are not only li<]uids, but par- 
take more of the nature of solutions, part at Ica^t of the col- 
loid probably being in solution. Whe( her this is the reason 
or not, the behaviour of emulsoids towards electrolytes is 
so diverse and so complex, that classification and compre- 
hensive survey are (for the present) out of the (picstion. 

Although emulsoids generally are much less sensitive 
to electrolytes, the dilferenco is mainly quantitative, for 
the dispersity of an oil emulsion is decreased by even 
small amounts of potassium chloride. Th(', elfcct of 
multivalent ions is still more ejllily observ(ui ; and, as 
Mines'^ found, tri valent ions, (V/. La*’*, j)reci]»itate egg 
white at a cuncentiation of 1*G m. mol. per litre, although 

» r-urton, r/i?l. Mmj., lOOG, [vi.] 11, 

• Kali Chem, 3, lUl. 
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univalent ions have no apparent effect. The correspond- 
ing concentration of ‘La"* for the snspensoid arsSnious 
sulphide is about 0 05 m.mol., or 0 09 in.niol. for AT'* 
(p. 101). If the Valencyo Ihile is borne in mind, the 
relative insensibility to univalent ions is intelligible. 

That there are other factors beside valency, is con- 
firmed by another interesting observation of Mines. 
While suspensoids are affected ecpially by complex 
trivalent kations, as the cobaltamhiino, Co(NIT;()g‘’‘, and 
simple ions as AT" or La‘", egg white is not precipitated 
by the former, even at 20 mmol, per litre. The chief 
differences between them are in mobility, and density of 
electric charge owing to the large; surface, the ratio of the 
latter being estimated as 0‘2(i to T37. 

All that can profitably be attempted is to present the 
more general features in a few of the most important and 
best-known cases. Even the classification of precipita- 
tion as reversible and irreversible is not justifiable, as 
reversibility is mainly a matter of time. It is rather 
unfortunate, too, that so much of the work has bccm done 
on the natural emulsoids, as white of egg, serum albumin, 
gelatine, frequently without any assurance as to the 
purity or even uniformity of the material. This circum- 
stance makes the comparison of results a doubtful matter, 
and has surely retarded progress. 

The oil emulsions of Ilatschek (p. 85) are not par- 
ticularly sensitive to electrolytes. Thus, the dispersity of 
a 1 in 5000 emulsion of light petroleum, whose dispersity 
is about 4 X 10“® cm. was not changed by sodium chloride, 
but 155 m.mol of sodifim sulphate per litre produced a 
clearing up. 19 m.mol of hydrochloric acid per litre had 
barely any effect on the sol, but a marked effect was pro- 
duced at a concentration of 23 m.mol per litre. The 
particles became larger and the original reddish coloured 
emulsion with a bluish opalescence became wLite, 
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I. Albumift 

The Action of Electrolytes on Albumin.-^Jf we leave 
out of account acids and alkii,liea, salts may l»e grouped 
into three classes, according to their action on albumin 
sols. The first group prodin^s precipitates, even when in 
small conceutration ; it comprises salts of the heavy 
metals. Tine other two groups only cause ju’ocipitation 
at really considerable concentrations; in the one group, 
the prcci})itatiou is reversible, while in the other it 
is not. The second group comprises the alkali salts : 
K, Na, Nll 4 , Li, and Mg; while the third group contains 
the alkaline earth salts. The Jifierence is one of time, 
for in the former the precipitation becomes irrevei’sible 
after a lime, and in the latter it is reversible at first, but 
very rapidly ceases to be so. 

Much of the work has been done on purified “ natural ” 
egg-white ; egg-white is beaten up to a stiif froth, poured 
into a tall narrow cylinder, and the clear liquid which 
collects at the bottom is separated and diluted with water. 
This not only contains a mixture of albumins, but is not 
electrolyte-free ; it is in fact alkaline. From the electrical 
difierenccs between neutral and acid or alkaline albumin, 
it is not surprising that this preparation does not exliibit 
the same behaviour as pure albumin. It is necessary to 
bear in mind the possibility of these difiercnces ; only 
pure neutral albumin is suitable for experimental work. 
The three principal constituents of egg-white, egg-albu- 
min, ovomucoid, arid a globulin, differ widely in many 
respects, and yet are not ver)^ readily separated from 
each other. Pure crystallised albumin is prepared by 
Hofmeisters method, or by modifications of it. The 
properties of serum albumin, again, differ considerably* 
from those of egg-albumin. 
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ReversiWe Precipitation, Salting Out,— When a satu- 
rated solution of ammbiiiura sulphate is added, little by 
little, to albumin sol, no precipitate forms until an equal 
volume of the salt solutifvn has been added* but precipi- 
tation is not complete until a further amount is added. 
To bo more exact, prccipitaEioii commences when 10 c.c. 
of the mixture contain G'2 c.c. of saturiite 1 ammonium 
sulpliate solution, and is complete when 10 c.c, of the 
mixture contain 6*8 c.c. of the saturated solutiun. These 
limits are pretty close to^^etlier, much more so than for 
many allied su])stanccs; the total amount required also 
differs from substance to substance. The figures for egg 
globulin are 2*9 and 4*6 ; this indicates a method of 
separation which is made use of. 

If water is added, the prcciiulate dissolves, and will 
reappear on addition of siillicieut ammonium sulphate 
solution, irofmeister iitili.sed this in the preparation of 
pure albumin.^ Tlic usual metbod is a modification which 
gives a larger yield, and is altoguqlier more convenient. It 
is as follows : Mix equal volumes of egg-white and satu- 
rated solution of ammonium sulphate. Peat to a stiff 
froth, and let it stand overnight, lultcr off the precipi- 
tate of globulin and mucoid, and add gradually to the 
clear filtrate, with gentle stirring, a 1C per cent, solution of 
acetic acid, until a slight permanent precipitate is formed. 
This mixture should be just acid to litmus. Then add 
1 c.c. of the 10 per cent, acid for each 100 c.c. ; a bulky 
precipitate is formed, which becomes crystalline in five 
liours. Allow to stand till next day, to obtain the full 
yield (60 g. per litre). ^To purify; filter, wash the pre- 
cipitate three times with half-saturated ammonium 

^ Hofmeistor, Zeitsch. physiol. Chetn., 1889, 14, 163; 1891, 16, 187. 
•Hopkins, J. Physiol, 1898, 23, 130; 1900, 25, 30G. Schulz, Zeitsch, 
^kjfsiol Chem., 1899, 29, 86. 
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sulphate solution containing 0 1 per cent. o*f acetic acid. 
Dissolve the crystals in the minimum of water, and add 
’saturated solution of ammonium sulphate until a pre- 
ci[)itato is Yormed ; then adi^ 2 c.c. more to each litre. 
The albumin recrystallises in 24 hours. Repeat this 
treatment as often as nccess*ary. Schulz and Zsigirfondy 
have shown that 3 to C recrystallisations are necessary to 
remove all the colloid impurities. Finally, the crystals 
are dissolved in pure water, and dialysed to remove the 
anifiioiiiiim salts (p. 26). 

This method has been given at length, because it may 
be of use, but mainly bec:ius(' it has been applied by 
von Weimarn, with suitable moditication, to obtain in a 
crystalline state substances which arc usually regarded as 
amoiphous (p. 121), 

This pr('ci])itation differs from that of suspensoids in 
the large piecipitation-concentration, in reversibility, and 
also in the absence of a valency effect, either of kation or 
anion. The following figures ' for purified native albumin 
show this. 


Concontration 
Salt. inols per litre. 

Sodium citrate . . 0-5(; 

„ tartrate . . 0-7<S 

„ sulphate - . 0*80 

„ acetate . . liiO 

„ chhiridc . , 3*62 

„ nitrate . . 5*42 

„ chlorate , . 5'52 


Salt. 

Concentration 
lucls per litre. 

Sulpliati' Li . 

. . 0'78 

1C . 

. . 0*79 

Na . 

. . 0’80 

KII 4 

. . 1-00 

Mg . 

. . 1’32 


feodium iodide and thiocyanate produce no precipitate. 
PaulD^ concludes from his extensive results that 


‘ Hofmoistor, Arch, exper. path, pharm., 1888, 24 , 247, 
* Beitr. chm. physiol, path,* 1903, 3, 225. 
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kdtion and' anion efiocts are independent, the former 
favouring precipitation^ while the latter liinder it. 

The order of anions arranged according to their pro-' 
cipitating power is thus — 

citrate > tartrate > SO4 >,,CoH3<)o > Cl > NO3 > CIO3 
> 1 >CNS 

and of kations — • 

Li K> Na> Nirj> Mg 

We shall come across this order of ions again. The order 
for salts of alkaline earths ^ is— 

kations : I>a > Ca 

anions : O2H3O2 < Cl < NO3 < Hr < T < CNS 

This is the revcise of (lie order of anions in the alkali 
salts. It is notewortliy that addition of barium clilorido 
produces an acid reaction in a ncutial alhnniin sol. 

If an albumin, to which a trace of acid lias been added, 
is used instead of neutral or natural albumin, the anion 
order is reversed* and if much acid is added, the precipita- 
tion is irreversible. AVith 0 ‘ 0 dn IlCl, the order is — 

kations : Na > K > Nir4 > Mg 
anions : 8O4 < NO3 < Br < CNS 

This difference of acid and alkaline albumin sols is 
undoubtedly connected with the cliauge in sign of the 
electric charge on albumin in acid and alkaline liquids. 

Irreversible Coagulation of Albumin. — The line of 
demarcation between relfersilde and irreversible coagula- 
tion is so indefinite that already some irreversible 
coagulations have been considered. 


Pauli, chem. physiol, path., 1904, 6, 27 ; Posterpak, Ann. 

Xnstitut Pasteur, 1901, 15, 85. 
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Coagulation by Heat. — When aqueous fflbumin sols 
arc heated, coagulation takes pfacc at some definite 
'temperature, which is fairly constant for t3aoh kind of 
albumin. The nature of th« change is unknown, but 
is aj)pfirently chemicnl, for natural albumins become more 
alkaline, and acid albumins *1)0001110 neutral or less .acid. 
The two chief factors are the reaction of the sol, and the 
kind and amount of salt present. 

Complete coagulation only occurs if the sol is faintly 
acid. If the sol is too acid, or is not acid at all, more or 
less albumin remains in the sol. Further, a dialysed salt- 
free egg albumin is not coagidated by heat. This was 
iirst noticed by Aronstein,* and has been frequently con- 
firiiK'd. It is, nevertheless, not quite accurate, for co- 
agulation does occur, when the heating is continued for a 
sutlicieut time ; it occurs at a constant temperatiu’e, too, 
which is close to the ordinary coagulation temperature. 
Serum albumin, if five from salts, is coiiqilctoly conguliited 
by heat; and ilic presence of traces of acid or alkali com- 
pletely prevents coagulation. 

The effect of salts on beat-coagulation has been closely 
studied by Pauli and others, both with natural al 1 )umin, 
and with pure dialysed albumin. The results with the 
former are very complicated, and will nett bo referred to. 
The following ilgiiies show llie iidluciice of salts; they 
were obtained with pure dialysed seruin-albiimiu, the 
coagulation temperature of which was 00 0 ^. The table 
gives the coagulation temperatures of the albumin for the 
given concentrations of salts. 


Tflugei's Aichiv., 1874, 8, 75. 
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Coagulation TEMrEiiATULR. 


Equiv. conccutration. 


Salt. 

• 001 

0-02 

003 

0-04 

005 

NaCl . . 

. G:b2° 

G5-7° 

6G*4° 

G7-2° 

C7 9° 


. 00-7° 

G8-0° 

G8*5° 

G9T° 

69'7° 

NaA . . 

. G(V9° 

G9*2°- 

70-6° 

71-5° 

72’1“ 

NaCNs . 

. G8-0° 

69-7" 

70-0" 

71'G° 

72-5“ 


These figures correspond to tlic adsorption curve 
(p. 250); in agreement with it, small concentrations pro- 
duce lelalively larger effects than do larger concentrations. 
In every case the coagulation tcmpcratiiro is raised; it 
slowly rises up to concentrations of l-2n, in some 
cases to a constant value at 2-5n, eg. alkali chlorides, 
bromides, nitrates. In another group (fluoride, sulphate, 
acetate, citrate) a maximum temperature is reached, after 
which it begins to fall, and may even bo below that of 
the pure albumin. With iodide and thiocyanate the 
temperature rapidly rises after l-2n, and at 2-3n no 
coagulation occurs even on ])oiling. 

Here, again, we find the same lyotrope sequence of 
anions. There appears to be a connection between this 
effect of salts on heat coagulation, and the effect on 
viscosity (p. 23). 

Acid and Alkaline Albumin. — As amphoteric substances, 
albumins unite with acids and bases, and become posi- 
tive and negative sols. Consequently, they differ very 
much from neutral albumin ; some of these differences 
have already been stated. One further instance will 
suffice. A trace of acid or of alkali completely prevents 
the heat-coagulation of serum-albumin, but the acid sol 
is completely coagulated by a trace of a salt, eg. sodium 
chloride, and the alkaline sol is partially coagulated by 
salts, especially by traces of calcium. 

Precipitation by Salt? of Heavy Metals. — Here the effect 
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is wholly dno to the kation, and prccipit;itioii takes place 
at very small conoentrations. Infill cases the precipita- 
•tion is iiT(!versil)le, cxcc[)t under certain special circum- 
stances. The precipitate always coutiiiiis the precipitating 
kation. Three types of reaction occur. 

I. Silver salts precipital^) at all concentrations, from 
OTn, to Gn ; <hc precipitate does not di.ssolve in excess of 
silver solution, but some remains in solution so long as 
excess of albumin is still present. 

ir. Cop[)m' salt solutions from O’ 00 In to In give a 
precipitate; above In no precipitate Ls formed. A 
secoiidiiry precipitate is formed with a OnCu * solution. 

Ill, Zinc salts fiom 0 OOln i i Ofni give a precipitate ; 
from 0’5n to 4n no pioci[)itato ; and beyond 4n a pre- 
cipitate is foi'ined. 

This is for a 1 : 10 egg-albumin. If the sol contains 
more albumin, the region of non-jirccipitation is reduced. 
The behaviour of zinc sulpliate is illustrated in Fig. 7. 

In all these cases the precipitates contain metal as 
well as albumin, and have been regarded as chemical 
compounds. If so, their composition is remarkably 
variable, e.g. the copper albumin precipitates contain 
anything from 1'4 to 20 per cent, of CuO; the same 
applies to the others. A few examiilea are given, the 
ligures give the percentage of metal in the egg-albumin 
metal precipitate. 

(1) Ag 2-17, 3-3, 3-9, 4-3, 4-8(), G’2G, 

(2) Cu 0’7-2’2, 1-2, 1-2-1-35, l’35-2-G5, 2'24-2'65, 

3-55, 3-95. 

(3) Zn 0’9-3-7. 

In conclusion, the precipitation of albumin by heavy 
metals bears a strong resemblance to the mutual precipita- 
tion of sols, and to the precipitating and stabilising actieJU 
of multivalent ions (p. 139;.* 
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Coagulation by other means.— Many organic substances, 
t.q. alcohol, phenol, lorraaklchyde, tannin, coagulate 
albumin irreversibly. Alcohol (loc.s not coagulate pure’ 
salt-free albumin, but doe.Si so if a trace of salt is added. 
Tills follows the same regularities as heat-coagulation. 
Urea, and many other indifferent organic substances 
binder the coagulation by alcohol 

There are also many colouring matters, either basic or 
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ecid, vvhieh coagulate albumins. These reactions are of 
great importance in the staining of tissues; the mech- 
anism is piobably the pivcipitation of negative albumin 
sol by the po.sitive sol (or by the kation) of the basic 
^yes, and conversely of the positive albumin sol by 
the negative sol (or by the anion) of the acid dyes 
(•see below). 

Albumins can be separatctl from the sol by mechanical 
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means shakin^c^, bubbling air or a gas tbrbugb ifc, etc. 
Piamsdon also noticed that all alfiumiiis form in time a 
’solid or a very viscous skin at a still surface. This is a 
general occitiTcnce with subslfinccs which greatly lower 
the surface tension of the liquid, and so can pass into the 
surface layer (see Adsorption*). This phenomenon is*well 
shown by some dyes (fuchsin, methyl violet). A similar 
coagulation ’occurs at the interface between aqueous 
albumin and organic liquids insoluble in water (toluene, 
chloroform), especially when the 'interface is enlarged by 
shaking the liipiids tog(dher. The action is the same as 
in air, accumulation of colloid in the surface layer until 
solidification occurs (p. 2G2). The skins arc insoluble in 
water (the den aturising process appears to be spontaneous, 
and therefore irreversible). 

IL Gelatine 

While the main interest of the albumins centres in 
precipitation and congulation, in gelatine and similar 
colloids, it is only of secondary interest, the chief problem 
being tliat of the reversible change — sol to gel, to which 
j)r(jcesses the terms solation and gelation are applii^d (see 
Introduction, p. 10). This ju'oeess is entirely different 
from coagulation, as will appear immediately. 

The properties of gelatine vary much with the presence 
of impurities, ily adopting the principle of Hofmeister’s 
original method of crystallising albumin, von Weimarn ^ 
has succeeded in crystallising gelatine and agar. A very 
dilute, quite clear gelatine solul^on in aqueous alcohol is 
maintained at G0°-70° in a desiccator. The water is 
slowly abstracted by, c,g., dry potassium carbonate, which 


' Ramsdon, Proc. Ro?/. 6'cc., 1903, 72, 15G ; Zeitsch.phyf>ihal. Cheintr 
1904, 47, 336. 

* Grundange d. Dispersoid Cliemic, 1911, p, 106, 
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does not takb up alcohol vapour. The solubility slowly 
decreases as the concentration of the alcohol increases. 
At last the gelatine commences to cry.stallise out. (See 
also p. 114.) • 

A further difficully is that gelatine is not very stable, 
at least in presence of vvatc* and especially if lavated. 
This is shown by tlie change in viscosity which a gelatine 
sol undergoes wlion kept at constant temperature.^ 

VlscosUij of 2 cent. Gelatine at 100° 

Timo (Lours). 77 

0 2-20 

2 l -(;8 

4 1 .08 

0 1 47 

10 I'.IO 

11 I'lVJ 

After 3G liours’ inaxting, gelation no longer occurs (change 
to p gelatine). Ultra microscopic investigations are in ac- 
cord with this. A sol prepared at 00° contains submicrons, 
but after prolonged heating at 100 °, only aniicrous. 

Gelatine is not amphoteric, like albumin, but is 
essentially acid;^ notwithstanding this, it appears to be 
primarily a positive sol. It lias also been shown ^ that 
gelatine undeigoes a reversible Iranslbrmation with 
temperature, as revealed liy the tnuta-rotation of the 
solutions. Tlie specilic rotatory power of a sol is 
practically constant from 20 ° to 80 ', but when the sol is 
cooled to 10°-15° the kevo-rotation gradually increases 
to a constant value; the change being reversible if long 
heating to high temperatures is avoided (see p. 124). 
Reversible Sol-Gel Transformation.— If a moderately 

‘ Levites, XoU. Zeilscli., 1908, 2, 240. 

* Hofmoiater, Ber., 1878, 2 . 299. 

* Trunkel, Biochvm. 2?titsch., 1910, 26, 493 , 
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strong sol of gelatine in water is made at liigli temperatures, 
on cooling it sets to a jelly, vvliiclils reconverted into the 
•Sol on warming. This cliangc does not take ])lacc at a 
definite temperature (like a m#lting-point), for the process 
is a cuiitinnoiis one, as is shown by the cooling curve, 
or the temperature- viscosity^ curve. Fairly compatible 
results can Fe obtained by selecting some arbitrary 
standard of elasticity or of viscosity. Sucli a device was 



that adopted by rauli,^ who observed tlui temperature at 
which the ihcrmometer was just held lirmly by the gel ; 
or by Levites,2 who measured the times which elapsed 
before the viscosity became so great that the sol no longer 
ran out of the inverted vessel. 

In the study of gelation, oitl^cr the tem};»erature or the 
time of gelation may be determined; the latter is prefer- 
able. Schroder 3 measured the power of setting by the 

• Arch, gesam. Physiol., 1898 , 71 , 1 . 

• J. Buss. Phys. Ghem. Soc., 1902 , 34 , 110 , 

• Zeitsch. physiJcal. Chm., 1903 , 46 , 75 . 
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cliange in vilcosity of tlic sol with time ((Irjhlt). What- 
ever meiliod is adopteif, it is essential tliat the jn’cvioiis 
treatment of* the sol he nnilonn, as gelatine (‘xhihits’ 
“hysteresis” in a marked *(l(‘gree, more especially after 
long heating. One cause of this is given above. 

As just stated (p. 122; gelatine solutions exhibit 
muta-rotation, duo to a reversihle tempefature traus- 
iormation, and much of the uncertainty regarding the 
hehaviour of gelatine is owing to neglect of this fact. 
In a recent investigation, the following important con- 
clusions have heen estahlished.^ Tliero are two forms 
ol gelatine — a sol form A, stable above oo -oo', with 

Wj) = —141°; and a gel form 11, stable below 15°, with 
Wli* ” while between these temperatures 

there are e([uilibriiun mixtures of A and 11, tlie muta- 
rotation being due to the transformation. The increase 
ill he,vo-rotation, i.e. the change A~^l.>, is closely parallel 
with the increase of viscosity. Above gidation does 
not occur at any concentration; wliile the minimum 
col ecmlration of gelatine in tlie form of 15 which will 
gelate at 0° is fo>-nid to be OAo g. in lOU c.e. If the 
concentration is increased, tliere is a maximum tempera- 
ture for each concentration, above and below which sol 
and gel rcsjiectively arc stable for indefinite times; these 
arc tlie true melting points, whereas the melting points 
of gels as usually determined are the temperatures at 
which the gels melt within an arbitrary interval of time, 
and are not the same as the setting temperatures, nor are 
tliey identical with ilie above maxiniiiin temperatures. 

As the concentration increases, the maximum gelation 
temperature or melting point approaches 33°-35°, and 
<8 hove 33° no gel is formed at all. These conclusions are 
‘ Smith, C. R., Jout. Amcr, Chan, Soc., 1919, 41, 135. 
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in close agreement with the same author’s exfterimcnls on 
precipitation of i^^clatino witli alctihol, as also with the 
•available data regardini,^ the osmotic prcssiire,an(l viscosity 
of gelatine. , The time for hall], transformation is inversely 
proportional to the concentration, indicating that the 
reaction is of the second or|ler, uc. two molccnlcs of A 
unite to form, one molecule of B. 

The temperature is also alTected hy salts and hy organic 
substances. Some salts raise the gelation temperature, 
others lower it. Tlie order is as follows : — 

ilaiso . . S04> (h > f > A (HoO) 

Lower . . Cl < (Jio,^ < ]k < I 

The kation edfeot is very small, the order seems to he— 
Na>K>NTr4> Afg 

Glucose and glycerol raise it, while alcohol and urea 
lower it. The same lyotrojio order was found in Levites’ 
investigation on the time of gelation, and by Schroder for 
the elTeet of salts on dTj/dt (Fig. 8). Tlse elfect of salts 
increases slowly at ilist with increasing conccntiation, and 
then more rapidly. The curves are somewhat irregular, 
Schroder found that if Aril At at 25° was > O’OOOo, the sol 
would form a gel within 24 hours, hut if it was < 0*0075, 
it would remain litpiid (Arj is the dilferences in viscosity 
at 25° at tlie times and f.^). 

As the effect of salts on gelation is additive, many 
mixtures of salts will leave the gelation temperature 
unchanged. 

Salting Out, and Precipitation of Gelatine by Salts. — 

This process is totally dilferent from gelation. In the first 
place it is irreversible ; further, it is produced by salts which 
favour gelation and by tliosc which retard it. Organic 
substances influence gelation, but do not precipitate (certaijjt 
exceptional substances, e.y. .tannin excluded). It only 
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occurs at Irigh concentrations of salts, in this respect 
resembling the salting ‘‘out of albumins, e.g. precipitation 
is produced l‘y4nK01 (which lowers the gelation tempera- 
ture about 13°), and also liy 0’7r)iiN‘a2S()4 (which raises 
the gelation temperature about 3°). 

Xhe order of anions, whieV. alone have any considerable 
effect, is again lyotrope — 

S ()4 > Citrate > Tartrate > Acetate > Cl 

The action is not additive,^ and the effect of mixtures 
is very complicated. 

Effect of Electrolytes on the Osmotic Pressure.— Pure 
gelatine sols have a fairly high osmotic pressure (for 1*25 
per cent sol it is 6*2 mm. mercuiy), and this is not altered 
by non-ehetrolyles; but neutral .salts lower it markedly 
The order is again lyotrope — 

C](0*44) > 8( ),(0-47j > 03(0-47) > Jh(0-53) > 1(0*57) 

> CN8(0 60) 

The numbers are fractions of the osmotic pressure of the 
pure sol 

Both acids and alkalies greatly increase the osmotic 
pressure of gelatine, from 8 mm. to 30 mm. in 0’0024n 
IICl, and to 25 mm. in 0*002 In KOlf. 

Agar and other similar substauces show the same 
characteristics as gelatine; in particular the effect of salts 
on gelation is very similar, the order being lyotrope, 

In a series of researches Loeb and his co-workers 
have re-in vcstigateil the»e(fect of electrolytes on certain 
properties of gelatine, as precipitation by alcohol, viscosity, 
osmotic pressure, gelation, and imbibition. According to 

' Pauli, Archiv. gesam. Physiol, 1898, 71, 336. 

^ Lillie, Avicr. J. Pliys.ol, ltU7, 20, 127, 
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their results,^ the lyotrope effect is aioL obsewed in those 
properties, but ai the conditions in their investigations 
•were apparently (|uiLe dilfereiit, it is not surprising if the 
conclusions ;iro not tlic same, , 


III. Silicic Acid 

This, tiie earliest artilieial (‘inulsoid, was discovered by 
Killing ill ISolj. (Iraliam jirepared it by dialysis, and 
noticed that its slal)ility inciTuxsed the longiT it was 
dialysed. Tlie pure sol is slightly aciil (100 g. require 
1-85 g. KOll for neutralisation), and is not so stalile as 
a neutral sol, but its stability is increased by small 
quantities of hydrochloric acid. Kiilni’s sol and (Jrabarn’s 
sol behaved quite dilferently to reagents; the former was 
irreversibly tu'ecipitated by sulphuric acid, or by freezing, 
the latter was not preeijiitatcd by acids or neutral salts, but 
by carbonates. These different results are characteristic 
of emulsoids. 

Four main facts, however, stand out: the sol is un- 
stable; gelation is irreversible; the stability is affected 
by acids and alkalies (as is also the sign of the charge on 
the colloid); the inaximuin of stability occurs at the iso- 
electric point, with a small IF concentration. 

Gelation is irreversible ; all the investigations agree 
on this (except Kuhn’s method of preparation). The 
change takes place spontaneously, as the viscosity steadily 
increases with time until the gel is formed ^ It is accele- 
rated by ri.se of temperature, ^id by electrolytes. The 
temperature effect is not very large, ejj. boiling does not 

* Loeb, Jour. Biol. Chem., 1918, 33, 531 ; 31, 77, 395, 489 ; 35, 497. 

* J. pr. Chem., 1853, [i.] 69, 1. 

® Garrett, Dissertation, Heidelberg, 1903, p. 61. 
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necessarily .cause gelation. The effect of cooling is un- 
certain, some, as Kiilimand Ljubawiu,^ state that complete 
gelation occurs on freezing the sol, while others, as Myliiis 
and Groschuft;2 did not lipd gelation to occur on cooling 
a sol to —23° 



Effect of Electrolytes.— The action of acids and alkalies 
is the most important factor. Billiter^ found kataphoresis 
to the anode in alkaline and feebly acid solutions ; in 
these it is a negative sol, while at greater H’ concentra- 
tions it travels to the kathode, and is thus positive. The 
sol is therefore at its isoelectric point in feebly acid solu- 
tion. Now Flemming,^ ‘who made a close study of the 

‘ J. Buss. Phys. Chm. Soc., 1889 , 21 , 397 . 

* Ber., 1900 , 39 , 116 . 

• Zcitsch. physikal. Chem., 1905 , 61 , 150 . 

♦ Ibid., 1902 , 41 , 443 . 
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effect of H* and Oil' on the ratejof gelation, found the 
maximum velocity at small OIP concentration, and the 
hiinimiim at small IP concentration. With 'greater OH' 
concentratiort the velocity dccri^sed, and it increased with 
greater H’ concentration (Fig. 0). We have thus a sol 
which, unlike the suspensoidi, is most stable at its •iso- 
electric point.* In this respect it resembles egg-albumin. 

According to Hardy’s results, ^ the behaviour of silicic 
acid sols to neutral salts is very similar to that of negative 
suspensoids. This is probably true for alkaline sols, which 
are strongly negative. Thus, for instance, the pure sol 
(feebly negative) is not sensitive to kations, K’, IF, NH 4 ‘, 
Ba", etc., but becomes so on addition of ammonia, which 
increases the negative charge. It is then at once precipi- 
tated by baiium cliloride (this gel at ou' e dissolves wIkui 
excess of hydrochloric acid is added). Pappada,^ on the 
other liand, found that neutral salts only act at great con- 
centrations, and accelerate gelation in accordance with the 
lyotrope series: 

Sr)i>01>N()3: 

C. > \lh > K > Na > Ta 

Stannic acid, titanic acid, tungstic acid, iiiolybdic acid, 
ind also starch sols are more or less like silicic acid sols 
n their general behaviour. 

1 Zeit!>ch. phi/siJcal. Chem., 1900, 38, 391. 

* Guz 2. clum. ital, 1903, 33, [li.] 272; 1905, 35, [i.] 79. 
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CTTAPTER X 

PK'OTECTION AND MUTUAL PKECLPITATIOxN 

Troteotion of Sols 

Faraday, who prepared gold sols by reduction of auric 
chloride with phosphorus (p. 188 ), discovered that they 
were more stable when “jelly’' (no doubt gidatine) was 
added to tliemd The gold chloride was evaporated to 
dryness with the jelly ; the resulting red-coloured jelly 
did not change colour with salt, as tlie “ ruby fluids ” did. 

Purple of Cassius, too, which has long been known, is 
another example of increased stability of a colloid in the 
presence of another. Many other instances could be 
given in which use was made of this “ protective ” action, 
without any precise knowledge of its nature. The pro- 
tection of less stable sols by organic sols (of siispensoids 
by emulsoids) was iirst delinitcly recognised by E. von 
Meyer and Lottermoser,^ Tliey observed that albumin 
prevented the preci])itation of silver sol by salts. The 
latter subsequently reached the conclusion ^ that “on 
addition of very stalde colloids, as albumin, gelatine, agar, 
or gum arabic, to a silver sol, no precipitation is caused by 
electrolytes until this stable colloid is gelatinised. The 
less stable silver sol thus ‘protected’ against the 
electrolyte by the more stable colloid ; it becomes more 
like the latter in its behaviour.” 

Zsigmondy then investigated the action quantitatively 

I Phil Trans., 1857, 164. * J. pr. Ghem., 1897, [ii.] 66, 241. 

* Anorg. Kolloide, 1901 , p. 50, 
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by means of bis gold sol (p. 189^, wliicli is itself very 
stable, and is also very sensitive to salts. The degree of 
•protection is expressed by the “gold iiiimbei/’ ^ which is 
the weight (nn mg.) of colloid •which just fails to prevent 
the change from red to violet in 10 c.c. of a gold sol 
(0 0053-0*0058 per cent.), \Jhcn 1 c.c. of 10 per eent. 
solution of sodium chloride is added to it. The reciprocal 
of this number would be a more convenient expression 
of the protecting ])Ower. The following are taken from 
Zsiginoiidy’s rable 


Colloid. 

Ofilatino . . . 

Isinglass . 

Casein (in Nil,) 
Egg-album m . 
Gum arable . 
Gum tragaeantl) 
Dextrin . . . 

Starch, wheat . 

,, potato . 
Sodium steal at(“ 
,, oleato . 
Stannic acid (old) 
Urea .... 
Cano sugar . . 


Gold nnnilicr. 

0 005-0 01 
I- 01 0 02 
0 01 

0-15 0-25 
0-15-n-25; 0-5 1 
cn. 2 

0 - 12 ; 10 20 
m. 4-0 
ca. 25 

10 (at 00") ; 0 01 (at 100®] 
0-4-1 
00 
00 
00 


The gold number is a useful means of characterising 
substances, especially in cases which present difficulties to 
ordinary analytical methods. Thus 1 per cent, of gelatine 
will reduce the gold number of dextrin from 10 to less 
than 1. It has already proved useful in the fractionation 
of albumin.^ 


Preparation. Gold number. 

White of egg (fresli) . . . 0’08 

Albumin (Merck) .... 0*l-0‘3 

Globulin . 0-02-0'()5 

Ovomucoid 0'04~U-08 

Albumin (cryst.) .... 2-8 
Alkali albumin 0’006-0'04 

’ Zeitsch. anal Chem., 1902, 40, 697. 

® Schulz and Zsigmondy, Beitr. chem. physiol path., 1902, 3, 1^7. 
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If alkali is added to any of them, the differences disappear ; 
all the alkali albumins liave the same low gold number. 

This protection is not confined to metal sols, nor is ' 
it exerted by organic colloids alone. The sulphide sols — 
arsenious sulphide, cadmium sulphide, etc. — are protected 
in the same manner,^ though r’o different extents ; further, 
the order of efficiency of the protecting colloid differs from 
sol to sol. Gold sol and silver sol have bi^en prepared 
with silicic acid^ as protective colloid, and zirconium 
hydroxide sol exceeds even gelatine in its jirotection of 
gold sol. Another well-known example is that of ferric 
hydroxide sol ; a basic ferric chloride solution when 
dialysed gives no visible precipitate with silver nitrate 
even when a considerable quantity of chloride is still 
present, as can easily be shown in other ways, 

PaaTs protalbic acid and lysalbic acid^ (products of 
the action of alkali on albumin) are extremely active 
protectors. They have been used in the preparation of 
a largo number of stable sols — comprising metals, metallic 
oxides and hydroxides, and salts — containing high per- 
centages of colhiid (see Preparations). These sols may bo 
evaporated to dryness, and even after years will dissolve 
readily in water containing a little alkali. 

We may thus say that a suspensoid sol, when mixed in 
suitable proportion with an emulsoid sol, loses most of its 
characteristic properties, and gains those of the protecting 
emulsoid. Bechhold ’’ suggested that the protection is the 
result of adsorption. A thin layer of the emulsoid is 
adsorbed at the interface, and thus confers its stability on 
the adsorbing particle. Thus only substances which are 
readily adsorbed (Lr. which lower the surface tension of 

' Miillor and Artmann, Oaterr. chem. Zeit., 1904, 7, 149 
Kiisport, Ber., 1902, 86, 2815, 406G. ^ Bilfcz, ibid., 4431. ^ Ibid., 2195. 

^ Beohliold, Zeitseh. physihal. Ghem., 1904, 48, 886. 
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the dispersion medinin) can act in this way. The objection 
that the amount of the very active colloids is too small 
* to cover tlie particles is only an apparent one, for the 
concentration of most of the «ols protected is very small ; 
e.g, in the Zsigmondy test, the amount of gold is 0’5 mg. 
and of gelatine required foi| protection is 0'005-0'(U mg. 
The difference is still less if account is taken of the 
difference in density of gold and gelatine. According to 
Zsigmondy the coating of gelatine is invisible in the 
LiltraFiiicroscopo, and there is no apparent diminution of 
the Bro*vnian movement. 

If the action is due to adsorption of the protecting 
colloid, it is clear why their ju’otective power is not 
parallel with their stability, for adsorption, and possibly 
other factors too, will come into play. 

The protection is not merely against electrolytes, for 
the stability of tlie mixture is practically the same as that 
of the protector, e,g. as regards solation and gelation ; 
heat ; evaporation ; imbibition ; solation by digestion with 
water, acid, alkali, etc.; ultrafiltration. Clold hydrosols 
protected by an emulsoid are as insensitive to complex 
trivalent ions as the emulsoid itself (sec p. 112). 

Ihe relative amounts ol the two colloids are of the 
utmost importance, for precipitation takes jilace with 
smaller amounts of the protective colloid^ (see p. 137), 
Owing to the small concentration of metal sols it is not 
easy to get this effect with them, and so the protection is 
very marked. The addition of gelatine to hydrosols of 
gold, mastic, or oil, to a concentration of 1 in 100,000,000 
increases the precipitating effect of hydrochloric acid. In 
these cases the sign of the (barge on the sol remains 
unchanged, but when enough gelatine is added to protect 
the sol, the negative sols become positive on addition* 

* Fricdemann, Archiv. Hygiene, 1906, 16, 876. 
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of tho acid.^' It may be added tliat the reverse of pro- 
tection has been effected.''^ By adding excess of a mastic 
sol to an albumin sol, the albumin could be readily' 
precipitated by means of electrolytes, etc. (See also next 
section.) 


Mutual Precipitation of Sols 

When Lottermoser mixed various sols with a view to 
ol)tainiug mixed gels by precipitation of the mixture with 
salts, some of the sols precipitated each other without the 
addition of any salt. On making a table of these in- 
compatible sols, ho was surprised to find that tho classifica- 
tion was the same as he had already obtained from their 
electrical migration.® In other words, a positive sol will 
precipitate a negative sol, while sols of tho same electric 
sign will not do so. The precipitate contains both colloids, 
but, owing to experimental difficulties, he was unable to 
deterniino their amounts. Very little ferric hydroxide sol 
sufficed to precijutate a large amount of silicic acid sol ; 
with 20 c.c. of tho latter (0T44g. Si 02 ) and 10 c.c. of the 
former sol (0'040 g. 10203 ), the liquid above tho precipitate 
was still brown. Tho experimental difficulties are three in 
number : difficulty of filtration without adsorption (or 
])recipitation), si)ontaneous precipitation of the excess of 
colloid in the sol, and slowness of the reaction. Occasion- 
ally spontaneous solation occurred. 

The mutual precipitation of certain dyes had previously 
been noticed by Linder and Picton ; tliey also knew that 
these dyes were c^dloids (?f opposite electric charge. 

Suspensoids. — A quantitative metliod was devised by 

* Walpole, Jour. Physiol., 1913, 47, 14 ; Biochem. Jour., 1914, 8, 170, 

® Michaelis and Roua, Biochem. Zeitsch., 1900, 2, 219. 

• Anorg. Kolloid^, 1901, p. 77. 

'* Ohem. Soc. Journ., 1897, 71, 608. 
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Biltz ; it is a synthetic method,' whereas Tx)ttermoser’s 
unsuccessful ones were analytfcal. Varying known 
• amounts of the one sol arc added to a constant amount 
of the othej*, and the result jioted. Very small amounts 
cause no visible change, more causes partial precipitation, 
larger amounts cause complete precipitation, while still 
larger amounts give less ^precipitate, and at last no 
precipitation occurs. The region of complete precipitation 
is fairly narrow, wliilc, with large excess of either sol, no 
preci[)itation occurs at all. Tlie following shows this. 

10 c.c. gold sol (= 1*4 mg.) -f 5 c.c, thorium hydroxide 
sol of variable concentration. 


Appearance. 

mg. ThOj. Immediate. 30 niiiiutoB later. 

0 5 no precipitate .flight opalcsc(mce 

TO trace of precipitate trace of precipitate 

2*0 slow precipitation slow precipitation 

2*5 rapid complete precipitation complete 

3*0 slow „ „ 

4*0 trace of precipitation 

). no change 

The optimum amounts of various positive sols for gold 
sol differ considerably, as also does the optimum amount 
of a positive sol for various negative sols, but the order is 
always the same, cjj, : 
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There iy obviously an amount of one sol which is 
equivalent to a given .-tmount of the other ; it is not, how- 
ever, a chemical equivalence, nor is the precipitate, which 
must contain the two collc^ds in practically constant pro- 
portions, to bo regarded as a chemical compound, in spite 
of its constant composition. *The equivalence is electrical ; 
as Billiter first suggested,^* the maximum precipitation 
occurs when the positive charge ou the one sol exactly 
equals (and neutralises) the negative charge of the other. 
This is in agreement witli what we learnt regarding the 
precipitation of suspensoids by electrolytes, and the 
maximum of instability at the isoelectric point (p, 96). 
The optimum precipitation may not correspond exactly 
to electrical equivalence, for olivioiisly the number of 
particles required and tlieir size {i.e. the electric charge 
and the disporsity) as well as the relative concentrations 
of the two sols, must alfcet the precipitation, as also does 
the rate at which they are mixed (p. 08). In accordance 
with this, the composition of the precipitate is not quite 
constant. It always contains both, but so does the remain- 
ing sol, unless complete precipitation has occurred, i.e, 
the precipitate on either side of the optimum does not 
contain the whole of the component which is in defect. 
This distinguishes it from ordinary ciiemical reactions. 

In fact, if the positive and negative sols are standard- 
ised by means of barium chloride (the change of titre on 
precipitation, p. 104), complete precipitation is found to 
occur when the volumes are inversely proportional to the 
titre, which is directly proportional to the electric charge. 

Henri 2 had already trfed the effect of two sols of the 
same electric sign upon each otlier. As would bo antici- 
pated from the protection effect, tlmy not only did not 

^ Siteungsber. Eaiserl. Akad. Pfiss. Wien., 1904, 113, 1159. 

• • Compt. rend. Biol., 1904, 65, 1666. 



•MUTUAj. PRFJCIPITATION OF SOLS ijj 

t 

precipitate each other, but the mixed sol acquired the 
stability of the more stable coiiipoftent. 

On either side of the optimum mixtii;o, the sol is 
negative or positive, according as one or other component 
is in excess, although the sol still contains both ; and tliis 
holds whether partial precipitation has taken place 05 not. 
The following observations 01 Uilliter ^ illustrate this. 

Fc( 01I)3 sol + AS2S3 sol. 


10 0.0. of tliG mixture 

contain Observation. 


SjOgmg.) 

AsjBgnig ). 

Optical. 

Katapboresis. 

O-Gl 

2()-3 

opah'Scei.cc 

to anode 

G*()8 

IG‘6 

iiu mediate precij)itation 


9-12 

14-5 

complete „ 

none 

15*2 

10-4 

immediate 

to kathode 

24-3 

4T4 

slight opalescence 

,, 

27’4 

24)7 

no change 

}> 


Tlie curve h'ig. 10 is of the same form as that for the 
action of zinc sulphate on albumin (p. 120). 

Emulsoids. — So far we have considered mainly the action 
of suspensoids onsuspensoids. When we come to emulsoids, 
their behaviour, as might be anticipated from their clecti'ical 
properties and behaviour on preci})itation, is not so siniplo. 
The mutual precipitation of positive and negative gelatine 
(and other similar emulsoids) during kataphorcsis has 
been referred to already (p. 83). Albumin (electrically 
neutral) is precipitated by basic emulsoids, as histone, and 
basic dyes, because in them the albumin becomes negative, 
wliile they are positive sols. Similarly, it is precipitated 
by acid emulsoids, as silicic acid sol, and acid dyes, in 
which it becomes positive, while the acids are negative. ^ 


^ Zeitsch. fkysxkal. Chem.^ 1U05, 51, 142. 
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Similar reactions occur with tannin and gallic acid,* which 
precipitate both albuniin and gelatine. 

Suspensoids and Emulsoids. — The action of emulsoids 
on snspcnsoids has been described in the previous section. 
As there stated, the protection stage is preceded by 
pi'ecipitation, wlien the einnlsoid is added slowly, or in 
small amount. The reason" is now evident. It is also 
clear that tliere may be a balance between the precipita- 
tion and protection effects. Here, possibly, the acid 
nature of gelatine and its protective power together more 
than balance the precipitation cllect, On addition of 





ammonia to the gelatine, which makes it more negative, 
the ferric hydroxide sol is precipitated ; if instead, the 
ammonia is added to the mixture of sols, no precipitation 
occurs, but the mixed sol migrates to the anode.^ 

Similar anomalies have been observed with albumin,’* 
which is precipitated by both positive and negative sols. 

The essential feature, then, of the action of a positive 
sol on a negative sol, is that excess of cither sol protects, 
while precipitation only (focurs in a middle zone, which is 
usually naiTow (Fig. 10). 

^ Dreiiper and Wilson, J. Soc. Chem. hid., 1906, 26, 616. 

• Sitzungsber. Kaiserl. Akad. IFiss. Wien., 1904, 113, 1159, 

• Friedemann, Zeitsch. physiJcal Chem., 1905, 61, 146. 
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Action of Multivalent Ions on Sols.— This tikes us back 
to the remarkable phenomenon observed by Ihirton in the 
•action of Al’" on gold sol and silver sol (p. ipV). A very 
small concentration of Al*” do^s not precipitate the sol, at 
slightly larger concentrations precipitation is complete, 
while with excess of Al*" no precipitation occurs. The 
original sols arc negative ; thiy pass through the isoelectric 
point, and then become positive. This is very similar to 
the protection of sols, which can also precipitate each 
other. In each case, there is a middle zone of precipita- 
tion, and on either side of it stable sols, but of opposite 
electric charge. Other multivalent kations behave like 
Al’". Now these salts are hydrolysed, and thus contain 
positive hydroxide sols. Their action on negative sols 
may therefore be due to protection at the two extremes, 
with mutual precipitation at intermediate concentrations. 
As Burton showed, the greater tlie excess, the greater the 
(reversed) cliarge and the stability. A new effect, 
however, must now come in : the precipitating effect of the 
anion on the now positive sol. The second region of non* 
])recipitation is accordingly followed by a .second zone of 
precipitation, which is finally complete. The whole series 
of changes on successively increasing the hydrolysed salt 
is: (1) first zone of non-precii)itati()n ; (2) first zone of 
precipitation; (3) second zone of non-precipitation; 
(-1) second zone of precipitation (Fig. 11). 

The following illustrate this * 

Mastic sol + Al^iSO,), 


)3 

- ■ (milhmols in I litn ). ITeilpitation. 

0 0 )S-0 033 1,01)0 

0'083 slight 

0’167 coinpleto 

0'33-0‘83 110110 

l'67-88’3 coinpleto 


* Friedemann and Neisser, Munch, inedizin. Wochenschrift, No. 11 

1908. 
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The accompanying change in kataphoresis is shown 
below ^ — • 

, Platinum sol (Bredig) -f FcCl;( 

FcClj • 

(niillimols 111 1 litre). Frctipitation. Kataphoresis. 

0’021-0‘056 nono to anode 

0‘08.'{- 0-222 |!ompleto none 

0-.333-6 67 |iono to kathode 

16-3- 066*7 complete none 

Fig. 11 illustratos this behaviour. 



Log of Concmtraiwri. 
Fig. 11. 


A very complete tjxample of those “ irregular ” series 
is given by Kruyt and Spek,^ for a ferric hydroxide sol 
and sodium hydroxide or pliosphute. The sol was 
dialysed for days, and contained 0‘‘TJ per cent. Fe 203 
and 0*028 per cent. UI 2 ; 50 c.c. sol -b 150 c.c. water. 

Fe(()II)a sol + NaOII. 

Nat)H rrccipltalioii. NaOlI rrecipitatioa. 

(ra.tiiol In 1 litre). (m in'>l in I hire). 

1*27, 1-40 incoirplcte c S’S!) nono 

1- 65, 1'75 immediate 8 36 ,, 

complete 13-0 opaleftcouco 

2- 00, 2- J 6 complete 20-0, 23 2 1 nioomploto : yellow 

2-33, 2-80 „ 24-6, 26-1 [ colour of liquid 

3*10 almost complete 27*9 ) gradually diminishes 

3*99 opalesconoe 30-3, 32*4 complete 

‘ Buxton and Teague, Zeitsch, physikal. Chom., 1937, 57, Id. 

* KolL Zdtsch., 1919, 25, 1, 
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That the second precipitation zone is due to the action 
of the anion of the salt on the reversed sol is home out by 
fhe above tables. In eacli case, the first precipitation 
zone begins at 0*0(S3 m.mol A4’*' and Fe"', and ends at 
0 333 m.mol ; in the former the second precipitation 
zone commences at I'GV m.mi)l AT**, while in the latter 
it is ten times as great, 16 '3 m.mol Fe’*'. In the former 
the anion is * 804 ", ami in the latter Cl'; the difference is 
in agreement with the valency rule. 

This phenomenon is easily seen in the case of dyes, for 
they comprise all tlireo cases : true solutions, as eosin 

and methylene blue, which act on sols in the same 
manner as other electrolytes ; (h) most dyes exert pro- 
tection, i.e, there is a precipitation zone, with a non- 
precipitation zone on each side of it. Frequently the 
middle zone is very sharply defined and within very narrow 
limits; (c) Nile blue and mastic sol behave in a similar 
manner to aluminium salts and mastic. 

As we have seen, the behaviour of albumin with zinc 
salts and salts of heavy metals is very similar, the curves 
being of the same kind {cf. Figs. 7 and 11). 

It has been suggested that salts of multivalent ions 
possess greater precipitating power because of the hydro- 
lysis, i.e. that the precipitation is really produced by 
the hydroxide sol, and not by the ion, but this is not 
the case. The charge on a sol is very much less than 
on an equivalent amount of the con-esponding ion 
(p. 82), and a correspondingly larger amount of the 
former will be required. Biltj showed that 24 mg. of 
arsenious sulphide required 2 mg. AI 2 O 3 as hydroxide sol 
for precipitation, while, as AF", 0T3 rag. AI 2 O 3 were 
sufficient. Even complete hydrolysis, which is far from 
being the case, could not give the required amount of soL 
It is not probable that the increased positive charge on ^he 
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sol will be mcreased to a sufficient extent by the presence 
of H‘, to make up for such large differences in amount. 

Proof that the relative amounts of positive and negative 
sols for optimum precipitation vary with tiie dispersity 
is afforded by the recent experiments of Galecki and 
Kastorskijd The ferric hydroxide sol contained amicrons 
only, and was opalescent, its concentration was ]0‘28 mg. 
in 1 c.c. and its katapboresis velocity was -f* o5‘7 X 
(cm. sec. volt cm.). Of the two gold sols, the one, Au/, 
prepared by reduction with formaldehyde, contained sub- 
microns ; its concentration was 0 07 mg. in 1 c.c. and its 
velocity was — 39*3 X 10~®. The other, Au^, prepared 
by reduction witli phosphorus, was of the same concen- 
tration, and had almost the same velocity (—36*2 X 10"^), 
but contained amicrons only. 

On the average 1 mg. Au/ = 4*98 mg. ^6203 
and 1 mg. Au^ = 18*4 mg. 

When the amount of gold sol added was insullicient to 
cause any precipitation, the Au/ sols contained amicrons 
only, while Aup at first cleared up the opalescence of the 
ferric hydroxide, but submicrons appeared later. The 
following figures reipiire no further explanation. 


Fc,0,. 

Au. 

Velocity (c. 

in, sec. volt cm.). 

(in mg.) 


Au/. 

Au^,. 

0 

0*7 

- 39*3 

-36*2 

Optimum foi 

■ precipitation (as above). 


61*68 

0*28 

+ 301 

+ 22-77 

92-52 

0 07 , 

+ 33*4 

+ 20 20 

102*8 

0*0 

+ 35*7 

+ 35*7 


* Koll Zeitsch., 1913, 13, 113. 
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TIIK FliOl‘KR'nK,S OF (IKLS 

Gels are usually obtained when oinulsoid sols are cooled 
or evapi'rated down ; when siispensoids are treated similarly, 
tlie dis])orso phase is usually ohLairied as a loose powder. 
Tile former contain both disi)erse })hase and dispersion 
medium, and form two fail ly (list met types : thegids which 
retain their elasticity and coherence on »lrving, and those 
which lose their elasticity and become powdeiy on drying. 
The sol-gel reversible transformation has already lieen 
dealt with (p. 122) and will not be again referred to ; there 
still remain the two imjiortant subjects of imbibition and 
hydration and dehydration of gels, and the structure of 
gels, including the relation between amorplious and crystal- 
line solids. But before the.se are discussed, it may be 
useful to present a summary of the general properties of 
gels. 

As emulsoids are generally reeognised to bo two-phaso 
liquid systems, it seems reasonable to conclude that gels 
are also two-phase liquid systems with extremely great 
viscosity, since there is no apparent decrease in the number 
of phases on cooling or evaporj,ting down emulsoid sols. 
As the viscosity of emulsoids indicates, there is in emul- 
soids a gradual and continuous transition from sol to gel 
(p 123). This conclusion was reached empirically by 
Biitschli (1892 onwards) as a result of microscopic obseri 
vations on the structure of gels of starch, gum, gelatine, and 
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other substances. Many of the characteristic properties 
of gels are connected with this two-phase structure. 

BensUij.—eTlmre is always contraction when a dry gela- 
tinous colloid and water unite to form a gel j but the gel 
considered alone undergoes considerable expansion when it 
take? up water. 

This initial contraction on imbibition has long been 
known, and was accurately determined by Liidekingi in the 
case of gelatine. The density of the sample of gelatine he 
used was 1*412, and the density calculated from the density 
of gels of 14 per cent, and 35 per cent, gelatine was 1*9. 
The actual figures arc — 


Concontration d. d. 

g. in 100 g. of gel, observed. calculatol. 

13 6 TOnO 1-041 

32-0 1*135 1*103 

58-5 1*242 1*200 


This behaviour of gels is in agreement with that of emul- 
soid sols (p. 21), and is further evidence of the similarity 
of their nature. 

Thermal Expansion . — The thermal expansion of gels is 
practically the same as that of the water or other liipiid 
which makes up the greater part of the gel. 

A gelatine gel becomes warmer when it is stretched, 
and cooler when it is compressed ; this is also the case with 
rubber. 

Compressibility compressibility of gelatine gel is 
much higher than that of solids, 2 j8 = 10 x 10'®, instead 
of about 1x10"® in the case of solids. The compressi- 
bility rises as the temperature is raised, and wlien the gel 
becomes sol, j3 = 48 X 10~®, which is the value for water. 

It is not improbable that the high value of jS for the 

» Wied. Ann., 1888, [iil] 35, 552 
« L.tras, J. Atner. Cltem. Soc., 1898, 0, 285. 
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gel is due to the phenomenon hcing^the sum ol' two effects, 
the compressibility of the dilute liquid phase which forms 
the larger part of the gel, and the elasticity of the moie 
concentrated .liquid phase whiclf forms the containing walls 
of the gel. 

Elasticitij and modulus of elasticity of 

a cylinder of gel is given by ^ 

P = woiglit attached to the cylinder to cause extension. 
Ai = the increase in the length L 
r r= radius of the cylinder. 

This is the modulus of elaaticitv for extension, tln^ 
modulus for shearing strain is 

V - ® ^ 

2 ( 1 +^) 

being the ratio of the relative contraction of the diameter 
to the relative change in length.. The value of /x for gela- 
tine is 0*5, hence there is no actual change in volume when 
a gelatine gel sulfers extension, even when tlio extension 
is great. 

The value of in gclatiiio gels increases as C^, the 
square of the couc<mtraiiou of gelatine. The relaxation 
time increases much with increase, of concentration, being 
10 minutes for a 10 per cent, gel, and 40 minutes for a 
20 per ceut. gel. 

Since E, X relaxation time = viscosity, the viscosity of 
gels must show enormous increases with increase of con- 
centration. 

The addition of other substances to the gel affects the 
elasticity just as it affects gelation (p. 125). Sulphate aud. 
polyhydroxyl organic compounds, as sugar, glycerol, act 

* L 
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in the one direotion (increase of E), while chloride and 
nitrate have the opposite offoct. This is as might be 
expected : the substances which increase tlie elasticity .of 
the gel favour gelation, the others favour sojation. 

The viscosity must also be affected by the addition of 
substances to a gel, as they affect both the modulus of 
elasticity and the relaxaiioli time. 

Optical Propertus.— Bouhlc Pt fraction ' on Mechanical 
Deformation— 'V\\h is another proptuty which gels have in 
common with emulsnid sols, and as it was not referred ' 
to in describing sols, some detail may 1)6 given here. It 
is well known that glass becomes doubly refracting when 
subjected to strain, such as imeciual pressure. As glass 
is a super-cooled, highly viscous liquid, it occurred to 
Cleik Maxwell^ that other highly viscous liquids, which 
yet have the oulinary propei ties of Ihpiids, ought to show 
the same effei't. The apparatus consists essentially of a 
massive cylinder rotating coaxially inside a larger hollow 
cylinder, which is stationary. Tlie liquid is i)laccd in the 
annular space and is thus subjected to the mech;ini(“al 
deformation. Polarised liglit is sent through the li([uid 
and the enicrg(‘ut light is analysed by a suitable eyepiece. 

No double refraction was observed with cane sugar 
solution or glycerol, but it was ];ro(Iuccd in even very 
dilute sols of gum, gelatine, collodion, etc. The effe fc 
therefore cannot bo due to ordinary viscosity, as the 
glycerol and the sugar had much greater viscosities than 
the sols. It most probably arises from the peculiarity of 
emulsoids and gels in being two-phase liquids, the inter- 
face between tlie phase.^ of which is possessed of elastic 
prop erties, to which also the peculiarities of the viscosity 
of emulsoids is also almost certainly due. 

The double refraction, I) = 7i — n^, is the difference 

MaKwell, I*iuc. lk>y. Soc. A’Jin., IS.%. See also Kundt, Wied. 
A7in., 1881, [ui.J 13, 110. 



PROPERTIES OF GELS 


147 

of tho refractive indices of tlie oxti^ordinary ray and the 
ordinai’y ray, and is given hy 



a 


where A is tlie wavo-linigtli of the inonochromatic Irglit 
employed, 

A tlie dilFerence of pliase, and 
a the thickness of the plate or layer of gel. 

D i? proportional (0 A///, the relative longtheniiig, and 
this ratio may ho taken as a measure of the effect. It is 
approximately proportional to t,hc concentration of theg. l, 
ami salts have the same eflect on it as on the modulus 
of elasticity, i,e. chloride and nitrate diminish it, sulpha 'e 
has practically no effect.^ 

Gelatine is optically active; chloride and nitrate 
diminish the rotation, while sulphate docs not alter it. 

Diffusion in Gels. —The early observations on the diffu- 
sion of solutions in g(ds have already been referred to at 
some length (p. 24). It may be recalled that Graham 
concluded that the rates of diffusion of salts in gelatine 
gels were the same as in pure water, but that his res alls 
did not really bear him out in this, the differences lie 
found being greater than his ex 2 )erimental error. Others, 
too, arrived at the same conclusiou for salts in other g(ds, 
e.g. in silicic acid and agar. It was demonstrated latrr 
that the differences are not large so long as the gel is 
dilute, but become much greater iu concentrated gels.^ 

Substances which influence t^e sol-gel transformation 
and the elasticity of the gel, also affect the poimoahility 
ot the gel by other substances. Alcohol and glycerol 

‘ Lieck, Ann. Physik., 1904, [iv.] 14, 139. 

* Becbhold and Zieglor, Zeitsch. physikal Chem., 1906, 56, 105^ 
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reduce the' diffusion jin gelatine or agar, while urea, 
chloride, and iodide increase it. 

Limgany's liinijs . — This complicated phenomenon has 
given rise to much discussion. A glass plate is coated 
with gelatine sol containing ammonium bichromate ; when 
the' gelatine is set and partjy dry, a drop of silver nitrate 
solution is placed in the middle of the plate, and the 
plate kept in a horizontal position in a moist atmosphere, 
to prevent evaporation. The silver nitrate diffuses out 
from the drop, and silver chromate is deposited in con- 
centric rings at ever increasing distances from each 
other. 

Ostwald^ explained their formation as an effect of 
supersaturation : a certain excess of Ag* is required to 
produce the supersaturation in the metastable region, 
which will necessitate the formation of nuclei of the 
precipitate. When this has happened, the whole of the 
excess of silver chromate will separate out, and so 
the adjoining region becomes poorer in chromate ion and 
the silver ion has further to go before the next crystallisa- 
tion can take place. There are other factors, however, 
some of which have been indicated by Liesegang, and by 
Bechhold2 

In the first place, there is the protective action of 
emulsoids on the precipitation of suspensoids, and this is 
exceptionally strong in the case of gelatine (p. 131 ). It 
is thus probable that silver chromate will nunain as a 
suspeiisoid sol long after the metastable concentration (if 
it exists at all) has been .passed. 

Ostwald’s explanation does not explain why the centre 
of the plate, where the drop of silver nitrate is put on, 
always remains clear, the first deposit being a ring near 

^ Lehrhich, 2, IT. p. 778. 

• Zeitsch. phystkal. Chem.^ 1907, 69, 444 ; 1905, 62, 186. 
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the margin of the drop ; for it cannyt be owing to want of 
Ag*. Nor does.thc protective action of tlie gelatine afford 
an explanation, unless the question of time is introduced. 
Tlie clear centre may, however, *be a result of the protect- 
ing action of an excess of either ion in the precipitation of 
sols of insoluble silver salts, e.g. in tlie titration of silver by 
chloride or of chloride by silviA*, the silver chloride remains 
as sol so long as there is excess of the ion to be precipi- 
tated, and it is precipitated only when there is no excess of 
cither ion (p. 110). It may well be, then, that the very 
reverse of Ostwald’s explanation takes place, and that 
precipitation only occurs when the Jimounts of silver ion 
and chromate ion are equivalent. 

There is still another effect which may exert a power- 
ful influence, viz. the permeability, not merely of the 
gelatine, but of the ring of precipitated silver chromate 
by salts. This itself is a subject of great complexity, and 
the few generalisations which have been made out will bo 
discussed below. Only it may be said hero that a gol 
consisting of a semi-permeablo precipitation film is, as a 
rule, impermeable by the ions whicli make up the film, 
otherwise a thin continuous film would not be produced 
by the reaction. Accordingly, if the silver chromate is 
first of all precipitated as a gel or a two-phase liquid, it 
will certainly not be without effect on the diffusion of 
silver ion from the centre to the region beyond the ring 
last deposited. It may even cause decomposition of the 
silver nitrate, the silver ion being retained while the nitrate 
passes througli, thus clearing out the chromate and causing 
silver ion to diffuse further before the next ring can be 
formed. It might be inferred from the above, that no 
silver ion could get past the first ring ; but this is not the 
case, for the precipitated silver chromate gel will, soonet 
or later (and probably assisted by the excess of silver ion), 
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break down- either by crystallisation or other diminution 
in dispersity, and will thus lose its iinpermeabilily. 

This doeg not exhaust all the possibilities, but enough 
has been said to show hhat the phenomenon is by no 
means a simple one, and that a full and satisfactory 
explanation is not yet possible. 

Frccipitation Films . — The properties of precipitation 
membranes, which came into pr()minenc6 during the 
development of the osmotic pressure theory of solution, 
have been the subject of many investigations, without 
any finality having been reached. The structure of the 
membrane must lie an important factor in the beliaviour 
of any particular film, and this must dc])end to a large 
extent on the conditions under which it is precipitiited, 
and these again must largely affect the stability of the 
form in which the precipitate fir^t separates out. As a 
rule these momhrancs are unstable, and liable to change, 
to deteriorate in impermeability, under infiuences which 
are mainly unknown ; hence it is not surprising that 
the results of investigations on them are frequently not 
in close agreement. 

The state in which a precipitation film first separates 
from solution, and its subsequent changes, are indicated 
by von Weimarn’s Theory (p. 178). The more insoluble 
the substance, the easier it is to obtain it in the form of 
a cellular jelly, which will under suitable conditions form 
a coherent semi- permeable memimine. The more dilute 
the reagents, the more likely is the precipitate to separate 
out in a crystalline form, or, if it is very insoluble, as an 
incoherent powder or open network. 

The permeability will vary with the structure of the 
film, and as this is often much altered by the action of 
^alts (ions), the film may change very rapidly when salts 
ar^e present, although it had previously remained unchanged 
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for long periods. These changes in[^y be either reversible 
or irreversible; if the former, it may ))e very difficult 
tt) detect the change. The permeiibility of^ a film by 
substances may be connected with the molar weight of 
the diffusing substance, or with the infiiiencc of the 
substance on the nature of the membrane, inen asing or 
decreasing its elastiiuty, whiifh, as we have just seen, 
affects the ditTiision of substances in gels. There is also 
the possibility of irreversible eoagu let ions or other eJianges 
bronglit about by the aetion of ions on the colloid films, 
which may act in the din'ction cither of diminishing or 
ineai'asing the permeability, ami may (iven produce the 
one effect at low concentratioms, and tlic reverse at higher 
concentrations. 

Notwithstanding this, a few general conclusions have 
been arrivcil at concerning such semi-pi'rmcablc mem- 
branes. No one. now maintains that the tiermeabibty is 
connected with the size of the poics in the film, i.e. that 
the films function as molecular or ionic “sieves.” It is 
much more likely that the jirincipal factor is thi' lyotrojic 
character of the particular solnU'. Thus acids and alkalies, 
chlorides, bromides, iodides, nitrates, and chlorab'S are 
more or lcsr:i able to pass through most precipitation films; 
sulphates, phosphates, carbonates, salts of oiganic acids, 
salts of bivalent kations as Ca, Mg, Zn, etc., and salts 
of heavy metals are less so, and often cannot do so at all, 
while polyhydroxy organic compounds also come into the 
same class. 

This grouping seems to point to lyotrope influences, 
especially the classification of the organic substances, 
though the effect of salts might also point to a valency 
influence, as in the precipitation of sols (p. 0 (S). 

Adsoiption must likewise play apart in the phcnomeuaj^ 
and along with it the mutual precipitation of positj>^e 
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and negative sols. The nature of the semi -permeable 
membrane may be temporarily or permanently changed 
in consequeijce of either adsorption or of the precipitation 
of other substances on the’membrane. 

Hydkation and Dehydration of Gels 

i 

Non-Elastic Gels 

Tlie question of tlie composition and chemical nature of 
the hydrates of metallic oxides, such as ferric oxide, man- 
ganese dioxide, and stannic oxide, has always beeii a 
(liflicult one, and there is little doubt that many such 
“ compounds ” still find a place in the dictionaries, in spite 
of the evidence of their indefinite nature. For instance, 
J. M. van Femmclen,^ to whom is due a great part of our 
knowledge of this subject, showed as long ago as 1878 that 
the amount of “ hydrate water ” of ferric oxide was variable, 
an accidental amount, and that the substance continuously 
lost water in dry air, and gained it in moist air, the amount 
depending, among other things, on the temperature and 
the moisture. Tlie following figures show this 

Mols of Water to 1 of Oxide. 


State of gel. 

t. 

SiOj. 

SnOj. 

AIj 03. 

Fe^O,, 

Just dry 

15° 

4-4 

3-0 

5-6 

>6 

In air 

15° 

1-5 

2-6 

4-4 

5-4 

In dry air 

15° 

0-5 

1-0 

2 6 

1-6 

In air 

100° 

0*2 

1-0-6 

23 

1-2-1 


The vapour pressure curves show decisively that the 
solid is not a definite hydrate, a chemical individual, for 
according to tlie phase rule a hydrate, which, on giving up 
some of its water as vapour, is in contact with a lower 
» Ber ., 1878, 11, 2232 ; 1880, 13, U66. 
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hydrate, or the anhydrous compound, formo a univariant 
system (two components, three phases), tlie vapour pressure 
'of which is constant at constant teinjieratur^. As this is 
not the case> there can be only two jdiases, the gas phase 
and one solid phase, in which the vapour pressure varies 
with the temperature and the concentration in the phase, 
just as in the case of an unsjtturatcd solution. 

Tlie watSr in the solid phase (from the pliase rule point 
of vi(^w, it is immaterial whether the phase be regarded as 
solid or liquid) is tlierefore not in the form of a chemical 
compound, but is adsorbed or dissolved. Ideal compounds 
are formed under certain conditions, e.g. r»e0,ll20, and 
A1203, 31120, wliich separate out in a crystalline state with 
a definite composition, and behave as true compounds. 

Hydration and Dehydration of Silicic Acid Gel. -The 
system Si02,H20 has been systematically investigated by 
van Bemmelen,^ who determined the isothermal at 15®. 
The gels were obtained by the action of dilute hydro- 
chloric acid on sodium silicate, a little ammonia being 
added; the gels were then well washed. Gels of various 
concentrations were obtained by varying the concentra* 
tion of the sodium silicate. The results were the same, 
whether the gel was in powder, in grains or in clumps. 
The gels were placed in desiccators containing sul- 
phuric acid of thirty-six different concentrations (from 
112804,0-251120 down to 112804,901120). 

The amount of water was asciirtained by weighing at 
stated intervals of time. Tlie results are given in Fig. 12 
for a gel which originally contained IOOH2O to lSi02. 
The temperature was 15®. 

The dehydration follows the curve AOOjOq, which is 
made up of two similar curved portion. s, separated by an 
intermediate linear portion. From A to 0 the loss .of 
‘ Zeitsch. anorg. Chetn., 1896, 18 , 233 . 
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water is a continuous process, but is in no sense an equili- 
brium, for though at any point the system can take up 
water, it does, not follow tlie curve, but strikes out towards' 
the saturation pressure (imlicated on the diai/ram) whieli 
it reaches in a very little time. This latter process is more 
nearly reversible, as subsequent dehydration follows a 
sliglitly divergent curve to rlach the curve AO near the 
point at which it left it. 

At 0 the middle portion of the curvt!, OOj, is reached ; 
it is a])])rf)ximately a horizontal straight lino, indicating 
that large (|uantities of water can bo removed without 
making much difference in the vapour pressure. This part 


/ 5 | 





0 


Vapour yVv'.s.s///y of liu/rr 








05 1 15 J 7 

Cvmu’otntpou of \Va(vi m (ui 

fjg. n. 


of the curve corresponds to a curious change in the 
a})p(!arancc of the gel, which up to this point had been 
clear and transparent. At 0 it becomes opalescent, com- 
mencing in tlie interior and gradually spreading through 
the mass, until it is yellow by transmitted liglit and bluish 
by reflected light These colours suggest the appearance 
of a new highly disperse heterogeneity, and this proves 
to be the case. The opalescence is caused by bubbles of 
air or of water vapour appearing wliere there had previously 
b.Qen liquid water. A similar appearance has been observed 
with many other gels and transparent substances with 
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very fine porosity, as nieerRchaum| As dehydration pro- 
ceeds the gel becomes white as porcelain, and then opaque. 
•At Oj the reverse series of chaugiis conime.nces, the gel 
becoming Vihite, then oj)alestcnt, and finally clear as 
glass. 

Between 0 and Oj the reaction is irrevci-sihlc ; at any 
point the gel can take np water, Init it does so, as lieiore, 
by a sliori cilt to saturation. As before, this hydiation is 
approximately reversible, the system returning to a point 
on GOj. 

From Oj the curve is a continuation of AO, but 
differs from it in tlie reaction lii'ing reversible, both hydra- 
tion and dehydration laung repiesented by the same curve. 

Hydration of the Dry Gel.— The gel dried over con- 
centrated sulphuric acid still has about OlillgO to Sj02. 
Starting at Oq the liydration follows the dehydration curve 
as far as 0^ from which point it lies above 0]0 ; this 
portion O1O2 is not a straight line, like 0^0, but is much 
flatter than the rest of the hydration curve. The jirocess 
is not reversible along O1O2, the deliydration follows the 
piths shown on the diagram. The characteristic opal- 
escence and opacity also make their apjiearanco in this 
region, but not to so marked an extent as on dehydration. 

From O2, whicli is about 0’21l2t) above 0, and the 
vapour pressure 2-3 mm. higher, the tliird portion of the 
curve O2O3 begins; the curve ends in O3 at the vapour 
jiressure of water. Dehydration from Og does not exactly 
follow the hydration curve, but comes down to 0 if the 
gel is far past O2. If it is near (>2 it comes down to an 
intermediate point on OOj. ^11 these are indicated on 
the diagram by the direction aiiws. 

Silicic acid gels are unstable systems of the general 
formula Si02,7?H20, the value of n depending on tlie- 
physical conditions and also on the iwovious history* of 
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the system. The latter, known as hysteresis, is of great 
importance, not only in this particular property of gels, 
but in many of the properties of colloids generally. The 
hydration and dehydration' of other non-elastic gels, as 
ferric hydroxide, stannic acid, etc., show the same charac- 
teristics as silicic acid gel, although there are many 
individual differences in each’-case. 

Alcogels.—Oelatine witli alcohol or benzene as dis- 
persion medium forms series of gels which have been 
examined by Bachmannd Alcogels and benzogcls of 
gelatine show — apart from ciirtain special features which 
arise from the mechanical properties of their structure—- 
a marked similarity in the course and hystcresis-cycle of 
their vapour pressure isotherms with those of silicic acid 
hydrogel, and others. The common cause is the similarity 
of the processes involved — the reduction of vapour pressure 
of the imbibed liquid owing to the action of capillarity in 
an amicroscopic hollow-spaced system. The same cycle 
of events must always occur with a liquid and a porous 
substance with capillary spaces and walls of adequate 
resistance, provided no secondary changes, such as 
chemical reactions, occur. By applying the theory of 
capillarity, it is possible to estimate approximately the 
size of the spaces ; they are 30-100 times smaller than 
Butschli’s network, i.e, 2-30 fijn in diameter. 

Elastic Gels 

The differences in the hydration phenomena of elastic 
gels, of which gelatine or agar may be taken as the type, 
and the non-elastic gels are sufficiently great to warrant 
their separation, although they have much in common, 
and the groups merge into each other. Perhaps the most 
outstanding differences are the absence in the elastic gels 
» Roll. Zeitsch., 1918 , 23 , 86 . 



HYDRATION & DEHYDRATION OF GELS 1 57 

of the middle portion of the dehycYation curve (OOi, Fig. 
12), and the fact that an elastic gel which has taken up 
•all the water it can from water vapour, c-an still take 
up large amounts of liquid water, much more indeed than 
it lias already taken up from the vapour. 

As with non-elastic gels, there is no' evidence of 
chemical combination, no iixed ratio of solid to water 
which is reproduced under varying external conditions. 
The amount of water imliilu-d depends on many con- 
ditions : the temperature, whether the water is liquid or 
vapour, the presence of other substances in the water, 
and the previous liistory or treatment of tlie gel. 

The process of imbibition is accompanied by con- 
traction, if the total volume of the gel and water is 
considered, but in many cases the solid experiences a large 
expansion, and can then give rise to large pressures. 
This and the other phenomena of imbibition are clearly 
very important from the biological side, as many of the 
tissues of plants and animals possess the power in a 
marked degree. Other elastic gels are starch, agar, pro- 
teins, gelatine. One difficulty of investigation is that the 
substances examined are not pure, many of thorn are 
mixtures, and most of them are easily decomposed; in 
addition to wliich equilibrium is often very slowly reached. 

Hofmeister considered imbibition to be made up of 
three distinct processes ; capillary, endosmotic, and mole- 
cular imbibition. The last, which is of the nature of 
, adsorption in its not being chemical combination, is what 
is now ordinarily meant by imbibition. He arrived at 
the following generalisations. The quantity of liquid 
which can be taken up reaches a maximum, which depends 
on the gel, on the liquid, on the temperature, and on the 
viscosity of the liquid. There is always contraction, and 
always evolution of heat; from which, according to le 



ft 58 GENERAL PROPERTIES OF/COLLOIDS 

Cliatelier’s theorem, bjat will hiiider or diminish imbibi- 
tion, while cold and pressure will favour it. 

Weight and Volume Change.— A plate of dry gelatiner- 
weighiiig O'OOdg.* was placed in an atmosphpre saturated 
with water at ordinary temperature. The gain in weight 
in eight days was 0‘37 g. and no further gain took place 
in twenty days. When the »plate was immersed in water 
at ordinary temperature, it took up 5‘6 g. of 'water in one 
hour, and still more on prolonged soaking. The one 
maximum is about 50 per cent, of the dry weight, the 
other is 1000 per cent, Tliis extra water is easily given 
up to dry air, or ev('n in moist air. The greater part of 
it is so loosely held that the gel has the .same vapour 
pressure as water, and under constant conditions loses 
water at the same rate as a similar surface of water; only 
a small residue is more firmly held, which cannot be 
removed at all at 15°, but is slowly given up at 95°. 

The greatest changes in volume occur with the first 
additions of water, hence really dry materials must be 
employed. Assumiug that all the contraction is of the 
water, Rodewald'^ found the following for starch dried 
over sulphuric acid : — 


watci to 

Vol. Ill cc. 1 

g. watf'r to 

Vol. In cc. 

lOOg Mtaiih, 

of 1 g. 

100 g. 8(iir. Ii. 

of 1 g. walo 

1 17 

0 33 1 

9 20 

0-29 

2-09 

0-29 

13-4 

0-49 

5-02 

0-31 

14-95 

0 55 

7-40 

0 36 

19-24 

0-49 


The volume cliaiige is easily demonstrated, if a 50 c c. 
flask with long narrow neck is filled loosely with shreds 
of gelatine, water added up to a mark on the neck, 
and the stopper inserted. The level of the water falls as 
imbibition proceeds. The temperature must be kept con- 
staiit, as heat is evolved during the reaction. 

i Sohroodor, Zeiheh. physikal. (Imn., 1903, 45, 109. 

* Zeitsch. physikal. Gliem., 1897, 34, 193. 
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If gelatine is hardened by aIun|or alcohol or formalde- 
hyde, it largely loses its power of imbibition, becoming 
more like the non-elastic gels, Ind)ibition^also depends 
on the liqipd, e.g. alcohol is •not im])ibed by gelatine. 
There is no imbibition by starch in petroleum, or by 
albumin in alcohol, benzeiie, ether, or turpentine. This 
alone is sufficient to mark olif imbibition from adsorption, 
for there would be some adsorption with these litjuids, 
although probably not so largo as with water. There 
must be some connevnui between imbibition and the 
solubility of the lj(|uid in the gel, as the liquid must pass 
through the walls of the gel to dilute the liquid in the 
interior. 

Further examples of imbibition are rubber in ether, 
chloroform, or other organic liquids, and pyroxylin 
(collodion) in ether or alcohol. The same behaviour is 
observed here as with gelatine and water To make a 
gelatine sol from dry gelatine and water, it is much 
quicker to soak the gelatine in cold water, and to apply 
heat only when imhihitiou is fairly complete; liot water 
and dry gelatine form a sol very slowly. ^Similarly with 
collodion (see p. 27): it is soaked in either alcohol or 
ether, and after imhihition has taken place, the other 
liquid is added, when solatiou is rapid. 

The Pressure of Imbibition. — As the total volume 
change is a contraction, the pressure due to the expansion 
of the gel by waiter is not ohs(*rved at all unh'ss the gel is 
separated from the water by a scmi-permcable membrane. 
If gelatine is packed in a porous earthenware cylinder, 
connected with a manometer, •and placed in water, the 
pressure hursts the cylinder.^ 

Reinke determined the pressures by means of the 
oedometer. Circular discs of dry seaw'ced {Laminaria) ^ 

* Schroeder, loc. cU. 
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were placed iu the bottom of a steel cylinder, the piston 
of which was pierced by a number of very fine channels, 
which allowed free passage of water to or from the sea-- 
weed (the latter really ^provided the seipi-permeable 
membrane, the steel piston only acting as a strong support, 
as when pressure was applied to the piston, the holes 
would be closed by the outeii membrane of the seaweed). 
Weights were placed on the top of the piston, and the 
height to which tin; piston was raised was measured. As 
the discs increased only in thickness and not in area, 
the height gives the volume and hence the amount of 
water which has been taken up. Ten layers of Lfiminaria, 
0*1 mm. in tliickness, and 50 sq. mm. area, gave the 


following pressures : — 

P (atmosphoros). 

h (mra.). 

W (per cent. HjO in 
vol. per cent, of air- 
dry substance). 

1 

3-3 

330 

3-2 

2-05 

205 

7-2 

0‘97 

97 

21 

0-35 

35 

41 

O'lG 

16 


These pressures are equilibrium pressures, for similar 
values were obtained for the pressures at which water was 
just jiressed out from seaweed containing varying amounts 
of water. The pressures re([uired to remove water when 
the amount present is very small, become enormous. 
A rough idea of the pressure of imbibition is got from the 
contraction of starch and water (p. 155). The product of 
the internal pressure V, and the compressibility j3, is 
approximately constant: = c = 0'572. (Pq = 1‘1 X 10^, 

j3o = 5'2 X 10“l) As the 9 '8 g. of water contract to 
3*01 C.C., the average pressure producing this contraction is 
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which gives P- = 8‘6 X 10^. Froqi^ this va^ue wo get an ' 
approximate heat of imbibition of 1*2 X 10^ cal., which 
gives 120 cal. per g. of starch, the experimental value 
being only 30 cal. Similar fcjrccs come into play when 
elastic gels are dried in other ways : e.g. glass plates 
coated with gelatine and then dried often become double- 
refracting, owing to the strain, and if the glass is thin it 
may become wery curved. Similarly, if an clastic gel in 
a glass or porcelain dish is dried up in a desiccator over 
sulphuric acid or in very dry air, it not infrequently 
happens that the surlace of the basin is torn away with 
the gel as it contracts. 

Heat of Imbibition. -When a gel takes up water heat 
is given out, as the following figures show ; — 

cal. per g. gol. 

Gelatine 5’7 

Starch 6-6 

Gum arabic 9 0 

„ tragacanth 10'3 

Now tlie eolation of a gel absorbs luiat, as heat is 

evolved when emulsoids are coagulated; hence it is 
difficult to arrive at correct values of the heat of imbibi- 
tion. Exjieriments on starch with known amounts of 
water sliow that the greatest amount of heat is evolved for 
small amounts of water, as is only to be expected, since 
only a small fraction of the water is difficult to remove, 
and requires a high temperature to do it (p. 158). 

The value for gelatine is for air-dried sheet, which 
contains about 15 per cent, of %ater. A re-determination 
by Bradford with sheet dried at 110® for 24 hours gave a 
mean value of 33 cal. per g. corrected for the solation of 
part of the gelatine, the value of which is -3'7 cal, per g. 
solated. This agrees with the value of 30 cal. per g/ 

M 
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wliicli Rodewald obtaiifced for starch dried over sulphuric 
acid.^ 

Velocity of Imbibition —Reinko used tlio oedoincter, by 
means of whicli he measuMid the ])ressure of imbibition, 
to determine the velocity of the process. Since the discs 
of seaweed do not change in area, only in thickness, it is 
easy to find the velocity by determining the change of h 
witli the time, the pressure on the piston being constant 
and the amount of gel being known. 

If is the amount of water taken up in the time t, 
and the maximum amount which can be taken up 
under the conditions, we have — 


or 


dt 




k = 



_ 

-Ut 


The table contains the results of sucli an experiment. 


t (miu.) 

w. 

k. 

t (mi a ) 

V). 

k 

1 

40 

0T08 

10 

306 

0-095 

4 

121 

0 002 

20 

345 

0-l()() 

8 

201 

0 090 1 

24 

372 

0-121 

12 

258 

0 090 1 

00 

392 

— 


just . _ 

of wafplhioister ^ determined the velocity of imbibition of 


the amolf tkin plates of agar and gelatine (0*5 mm. in 
A roiigli ide^by weigldng the plates at stated intervals 
contraction of the weighing took some time, the times 
the internal pr(?.xact. The same formula holds for his 
approximately const 
j3o = 5-2 X 10-5.) A 


3*01 C.C., the average preJ^S. ^nn. Phys. Chpm., 188.5, 25, 147 ; 1888, 
'^our , 1U18, 12, 351 ; Rodewald, loc. cit, 

1 ^’8 A r. 

loi^ z= 0 0 < 

3-01 3, 27, 395. 
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Gelatink Plate. 


t (iniu ). 


k. 

t (min.). 

to {>' ). 

k 

5 

a OS 

0-090 

20 

4-r)8 

0-0()4 

10 

3VS8 

0084 

25 

4-07 

0075 

15 

4110 

0084 

00 

4-96 



Imbibition in Solutions.- -lIofnioist(3r‘ exLoaded his 
investigatioiKS on imbibition to .salts in water, in order to 
find the distrdnition of the solute between the gel and tlie 
solution. He found, however, that both the velocity of 
imbibition and its amount varied considerably with tlie 
nature of the solute. He used thicker plates of gul, so 
that inaxinium values were not obtained. The plates 
were soaked in .solutions of .salts and of indiiferent 
substances, the concentrations varie.d from O’d m to 4 m. 
Remarkable dilferciices were oUserved, the imbibition in 
some solutions being as much as five times as great as in 
other solutions of equivalent concentration. 

Arranged in order of increasing effectiveness in pro- 
moting imbibition, thii scrii's is — 

sodium — sulphate, tartrate, citrate, acetiite; alcohol, 
glucose, cane sugar ; 

(water) ; 

chlorides— potassium, sodium, ammonium ; sodium — 
chlorate, nitrate, bromide ; 

to which might be added iodide and thiocyanate, both 
coming after sodium bromide. 

The substances before water hinder imbibition, less 
water being taken up in the .same time, and also less water 
taken up in the maximum, wHiile the salts after water 
favour imbibition. The order is again the lyotrope series 
which we have come acro.ss so often. As already seen, 
the modulus of elasticity is affected by salts in the . 

* Arch exp. Physiol. Path., 1891, 28, 210. 238. 
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[yotrope order ; thh |3 the same sori(3S in the reverse 
order. As was to be expected, a substance which renders 
i gel more easily deformed (reduction of E) will favour - 
mbibition. Tliere is a still closer connexiou between 
:he ellbct of salts on gelation and imbibition, so that the 
curves representing the effect of any salt on these processes 
are practically reciprocal, Lt. wliat favours gelation 
hinders imbibition, and conversely. 

The effect of salts on imbi])ition by golntine has been 
tlie suliject of much research and criticism. The existence 
of a maximum of imbibed water is called in question, as is 
also the lyotrope influence in imbibition, as well as in 
other proi)crties of gelatine (p. 125). It has been found 
by Shrove ^ tliat though the Hofmeister series holds when 
gelatine is ma.le up with water, and placed in solutions of 
m ammonium chloride, m sodium chloride, m sodium 
bromide, (ivafxr), 2 vi and 7)i ethyl alcohol, 2 77i and m 
sodium citrate, 2 m and w sodium tartrate, 7ii and 0 5 m 
sodium sulphate, yet when dry gelatine is made up with 
these solutions, or when a 28 per cent, gel is allowed to 
absorb 0*2-0’3 of its volume of tliesc solutions at 10°-35°, 
the rate of imbibition is increased. 

She also found that between 10° and 35°, heat favours 
imbibition, although the reaction is exothermic, but that 
Le Chatelier’s law does not apply, since the equilibrium is 
apparent only. Further research is necessary in these 
directions, but it seems unlikely that imbibition does not 
approach a definite maximum, in solutions at least, 
unless some other phenomenon, as solation, intervenes: 

When a gel undergoes* imbibition in a solution, it takes 
up both solute and solvent, but in different amounts which 
depend to different extents on the concentration of the 
solution. The water taken up increases with the con- 
Science, N.S, 43, No, 1239; Jour. Franklin hist., 1919, y. 319. 
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ccntration of the solution to a ma/'inium (at about 14 per 
cent, solution of NaCl), and then decreases slowly as the 
concentration increases. The amount of salt taken up 
increases with the concentiation, and always approximately 
proportionally to the concentration. 

In the presence of salt (NaCl), the amount of water 
imbibed exceeds that taken .p in pure water, tlie increase 
bein',' from 0 2 to 18 per cent. Not only is the amount 
larger, but the velocity is also incn'ased. In a 5 per cent, 
solution of NaCl, the total amount was greater, and the 
rate much gn^ater. 

The action of acids and bases on llie imbibition by 
gelatine is similar to the action of salts. At small con- 
centrations (0’005-0’01m), imbibition is less than in 
pure water, reaches a minimum and Increases to a 
maximum at 0'025m, both the rate and the amount being 
greater ; the latter is 3-4 times as great as in water. 

The STiiucTUKE of Gels 

As emulsoid sols are two-phase liquids, and as gels 
are obtained from them by cooling or by evaporation, the 
conclusion is natural that gels possess the same structure, 
ie, the two liquids persist from the sol stage. The 
structure then is cellular, the walls being a highly viscous 
solution enclosing a more dilute solution. 

This is confirmed by observations in many directions, 
at least so far as the cell walls are concerned. Van 
Bemmelen and Biitschli, in particular, have examined 
the micro-structure of a scries of precipitates and gels. 
These structures are more or less after the honeycomb 
pattern, and are recognisable in plant and animal cells 
and tissues, and also in albumin or gidatine acted on 
by heat, tannin, alcohol, chromic acid, etc. Albinqin 
structures arc open network, with a mesh of 
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gelatine gels over 7 {fer cent, form closed nets, and open 
network below 7 per cent.^ 

Pauli and others liave expressed doubt as to this' 
structure, maintaining thaV it is not pre-existent in tlie 
sol or gel, but is a secondary structure of the altered gel.^ 
According to von Weimarn, these structures are secondary, 
tlic honeycomb appearance ♦being probably an 0 [)tical 
effect due to overlapping of grains, “exhibiting various 
structures — network, honeycomb, rayed, dendritic —under 
the microscope, unless the preparation consists of a single 
layer of detached grains. All them striiclurcs are of 
secondary formation, the only oriyinal structure of these 
jn'ccipitales is the fine-grained crystalline structnrcA 

Hatschek ® has shown, from the stress -elongation 
curve, that the two-liquid plmse hypotliesis is not valid, 
lie also investigated the shape of gas bubbles generated 
in gels, and found that tlie bubbles arc at right angles 
to pressure, and parallel to tension applied to the gel; 
the simplest structure conforming to the conditions is 
that of piled shot, which agrees with the globulitic 
structure observed by Bachmann ^ in the ultra-microscope. 
Zsigmondy and Bachmann,® in examining the gelation 
of soaps with the ultra-microscope, also observed the 
formation of aggregates witli ciystilline properties. 

Finally, Bradford,® in a series of researches, has 
applied von Weimarn s theory to the gelation of omulsoids 
with conspicuous success, showing that the process is 

‘ Bemmelen, Ber., 1878, 11, 2232; 1880, 13, 1466. 

* Pauli, Der Kolloidale f^usta^td, 1902. 

=> Hatschek, Koll. Zcitsch , 1912, 11, 158; 1914, 16, 226; Trans. 
Fmad. Soc., 1917, 12, 17. 

* Bachmann, Zeilsch. a)iorg. Chem., 1911, 73, 150. 

* Bachinami and Zsigmondy, liull. Zeitsch., 1912, 11, 145 

«*' Bradford, Science Prog., 1916, 10, 369; 1917, 12. 63. Jhocheni. 
J., 1916, 10, 169 ; 1917, 11, 14; 1918, 12, 351 ; 1920, 14, 91. 
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one of crystallisation. The si‘4all diffusion constant 
of the emulsoid retards the crystallisation of the sol, 
so allowing the accumulation of a large excess con- 
centratiou, . which, along witn the large value of K in 
von Weiinarii’s formula, causes gelation qn cooling. The 
small crystallisation velocity, which also is due to small 
(lilfusion constant, is responsible for the permanency of 
tlic gel and the hysteresis of the sol, since it prevents 
subsequent development of larger crystals in the former, 
and retards changes in the aggregation of the latter. A 
gel thus comprises two phases : an ultra-microscopic solid 
phase, bathed in a liquid dispea’sion medium, from which 
it has crystallised, and wiiich it retains partly by 
molecular and partly by capillary forces. The ultimate 
solid particles of gels are probably spherites, this being in 
agreoment with their ultra-microscopic appearance, and 
also with the possibility that gelatine can bo obtained in 
this form. 

It is curious to note this return to the earliest theories 
of gels, put forward by Fraiikeuheim in 1835,^ and von 
Nageli in 1858.*“^ 

’ Frankftiiheim, Die Lehre v. J. KoJta<iion, 18:15. 

* JNiiyeli, rjlamenphysiolog Untctsuchunijei}, 1853. 



PART II 

METHODS OF PREPARATION 

CHAPTER XII 

INTRODUCTION 

The preparation of a sol, a disperse system the dispersity 
of which lies between certain limits, must obviously 
follow one of twe lines : either the dispersity is increased, 
or it is diminished. In tho former case, we start with 
the (massive) solid, in the latter, with the substance in 
the form of molecules or ions in solution or vapour. If 
the process of solution of a crystalline solid in a liquid 
is regarded as a continuous change, the dispersity of the 
solute continuously increasing, and the crystallisation of 
a solid from solution regarded as the reverse process, it 
is evident that every system during tho processes of 
solution and crystallisation passes through the degree of 
dispersity corre.spouding to the sol stage. 

There are then two main groups into which the 
methods of preparation fall, 

I. Crystallisation Mefhod.s, and 

II. Solution Methods. 

All tlie known methods come umler these two lieads. 
The electrical dispersion method of Ih'cdig, and the later 
modifications of it, may appear to be possible exce[tAions 
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but are almost certainly to be regaAed as ciystallisation 
methods. It is, however, convenient to treat them as a ’ 
separate group. 

Svedbergl has prepared l/ydrosols of mercury by 
various methods, and lias ascertained the range of size of 
the particles in each, with a view to ascertaining ^ the 
mechanism of electrical synthesis of colloids. The 
ncthods were : 

(1) shaking mercury with water or afpicous solutions, 
-hill lamelhe of mercury being disrupted. 

( 2 ) Super-heated mercury vapour passed into water. 

(3, a) Direct current arc. 

(3, h) Alternating current arc. 

The order is as follows : — 

(3, h) 23 per cent. < 105 /i/i; G per cent. > 1500 /p/. 
maximum : very acute, 100 yy. 

( 2 ) 5 per cent. < 85 y/i ; 3 per cent. > 2500 yy. 
maximum : good, 1 00 yy. 

(3, a) (At 0° C.) 3 per cent. < 110 yy; very few > 
2000 yy. maximum : very good, 135 pp. 

(At 50° C.) 0-G per cent.< 110 yy. 
maximum: poor, 170 yy 

(1) 4-7 per cent. < V20 yy; ] per cent. > 2500 yy. 
maximum: ])oor, 120 yy. 

lie concludiis, therefore, tha*t .solation by electric arc 

‘ Koll. Zeitsch., 1919, 24, 1. Vau Marum in (Kstwald’s QcschicJile 
d. Elekirochemie. Faraday, Phil. Trans., 1857, p. 18, 147 , 152. Tbrel- 
fell, Phil. May , 189J, [5j, 38 , 450. Fhrenhaft, Wien. Ber., 1910, 11^ » 
(Ila), 830? 
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is due to the foniiation of vapour, with subsequent 
condensation. 

The classification is due to von Wcimarn, and is 
similar to that adopted 'ey Svedherg, who, classifies the 
methods as Condensation Methods, and Dispersion 
Metliods. In tlie former the disperse phase is produced 
by “ condensation ” from itns in solution, and the latter 
includes all those metliods wliich start from a solid phase 
of low dispcrsity. It therefore takes in the electrical 
dispersion methods. In spite of a formal similarity, there 
is a considerable difference between the two classifications ; 
the latter is somewhat arbitrary, especially as regards 
dispersion methods, some of which, as Svedherg states, 
arc more probably condensation methods, von Weimarn, 
on the contrary, bases his classification on the continuity 
between coarse heterogeneity and the ap[)arent homo- 
geneity of solutions, so that every cryst.allisation begins 
with the formation of a highly disperse system, a sol, 
and in every process of solution the solid phase, just 
before complete solution, forms a highly disperse system, 
a sol. Thus, to prepare a sol it is merely necessary to 
arrest the process of crystallisation or of solution at the 
appropriati; stage. 

Simple as this may appear, in practice it is not always 
easy to effect, and the art of preparing .«:ols consists in so 
arranging the conditions that — 

(1) The disperse system is obtained in a fairly stable 
condition, and 

(2) Its concentration is not too small. 

As a brief historicaf sketch will amply show, the 
early preparations were mainly a matter of chance ; some 
one accidentally discovered the conditions under which 
.'"a particular sol was obtained in a stable form. As these 
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were multiplied, certain general conditions were, of course, 
recognised, more especially after the general properties of 
sols had become better known. It thus became possible 
to classify methods, and to apply known methods which 
were likely to be successful in any given case. 

It was not, however, until von Weimaru elaborated 
his theory regarding the processes of crystallisation 
and solution that systematic treatment became possible. 
As his theory has had highly important results, and has 
already led to the preparation of a very large number 
of sols, and is capable of almost indedinite application, 
it will be lifietly doscribed. 

von Weimaru’s Theory.— Two .d.agos in the separation 
of a crystal solid from a solution must be taken into con- 
sideration. The one is the “initial condensation” of the 
solid from the solution, which must take place in the form 
of a highly disperse phase, the size being ap])roximatoly 
that of the molecules or ions of the substance in solution. 
Tlicse “ amicron ” particles increase in size by two distinct 
processes: aggregation crystallisation, and ordinary re- 
crystallisation. In the former, when two particles come 
near enough to each other, they become similarly oiiented, 
and unite to form a huger particle. In the latter, each 
crystal grows at the expense of tin; substance in the 
surrounding solution. The concentration and the stability 
of the disperse system de})end on these two factors : the 
initial velocity of the condensation, and the velocity of the 
growth of the crystals. Doubtless other factors are also 
concerned, which have been as yet unconsidered, and, in 
consequence of their omisshm, tlTe results are not quanti- 
tatively exact. 

Tor crystallisation to take place at all, there must be 
an excess of solute present, above that necessary for 
saturatien under the conditions of experiment. If C^^is 
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he total amount of ^lute in unit volume of the solvent, 
ud L is the solubility of the solute in the solvent, Q — L, 
the number of mols which must diiall}’ appear as a solid 
of constant solubility L, hiay be regarded as the “ conden- 
sation pressure,” or the pressure under which the molecules 
begin to condense to crystals. Against this pressure we 
have tlie resistance of tlie cystem to condensation, whicli 
is not the same for different solids or solvents. With a 
given condensation pressure, the “condensation resist- 
ance” will vary with the solubility of the disperse phase, 
i.e, with the molecular cohesion of the dissolved molecules 
to those of the disjiersion medium. 

Since, at the outset, the disperse phase is practically of 
tlie same dimensions as the molecular complexes of the 
solution (it is invisible or barely visible in the best 
ultramicroscope), the initial reaction may be treated 
as homogeneous, and the velocity of initial conden- 
sation 

,,, , condensation pressure , Q — L 

W = k : ^ - = Jc = /ilU 

condensation resistance L L 

in which k is a constant, Q and L, as above, the amount 
of solute in unit volume of the solution, and the solubility 
of the disperse phase in the dispersion medium. P = Q — L 
is the actual excess of mols of solute in unit volume, and 
p 

U ==^is the specific supersaturation at the initial conden- 
sation. 

The second factor, the velocity of the growth of the 
particles of the disperse phase, is expressed by the Noyes- 
Nernst formula — 
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in which D is the diffusion coefficienV; 

8 the thickness of Uie adhering layer (of iniifoian con- 
centration, equal to the lengtli of the diffusion 
path)^; • 

S the sui’face of the disperse pliase ; 
c the concentration of the solution ; 

/ the solubility of the di^sperse phase of given dis- 
persity ; 

c — Z the absolute supersaturation. 

For the crystallisation of a pure liquid the correspond- 
ing equations are — 

T — T 

where T — • Tj — the absolute over-cooling; 

\l — the latent heat of crysiallisatioii ; 

U = the specific over-cooling. 

And V=gS(i!-T,) 

where H = the coefficient of thermal conductivity ; 

i = the melting-point for givmi dispersity ; 
and the other symbols have the same signilicance as 
above. 

Let us first consider the velocity of condensation. In 
the first place, the factor of primary importance is not P, 

the absolute excess of solute, but j , the specilic excess. 

An example will make this clear With a given value of 
P (say, a few grams per 100 c.c.), a very soluble sub- 
stance, as, e.g., sodium chloride^ will deposit nothing at 
first, and finally a few crystals will be formed. With the 
same value of P, an almost insoluble substance, as silver 
chloride, will give an immediate curdy precipitate. 
Owing to the large value of L in the former case, the 
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velocity of coDdeusati\)ii is much smaller than in the latter 
' case. 

The value of P, nevertheless, is not without influence. 
The results are very diflefcnt, according as ji given value 
of U is given by a large P or by a small L. In the one 
case, a large amount of disperse pliase must be produced, 
in the other very little; if V is largo, the former will give 
a concentrated gelatinous precipitate (a gel), the latter a 
large number of highly disperse particles (a sol). Thus, 
by suitable alteration of P or L or of both, wo can secure 
the initial separation of the disperse phase in any desired 
form. 

The duration of the disperse phase in this form is 
governed by the second formula, which expressi^s tlio rate 
of growth of the disperse phase under the conditions pre- 
vailing. The smaller the absolute snpersaturation (c — 1) 
is, the smaller is V and the greater the stability of the 
disperse phase. The same result is attained by decreasing 
D, the rate of diffusion ; this occurs if the solution is very 
concentrated, in which case the disperse phase is also very 
concentrated, and further increases the stability. 

The conditions for obtaining a stable highly disperse 
phase are, therefore, small value of P and a corresponding 
small value of L, in order that U may be sufficiently large 
to give a large numlicr of points of crystallisation. Suit- 
able values of P may be obtained by any of the usual 
means, as, e.g. {a) rapidly cooling a concentrated solution 
to a sufficient extent ; {b) adding a solution of the sub- 
stance to a liquid in which the solvent is completely 
soluble, but in which thfi^ solute is practically insoluble ; 
(c) production of the disperse phase by a chemical reaction 
between substances which are sufficiently soluble to give 
the desired value of P. 

k series of illustrative examples may now be given. 
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( 1 ) Sodium chloride is so soliibfc in watiT (L large) 
that, even if it were possible to obtain a siifnoiently large 
value of P, thesiispensoid stage would bo of short duration, 
owing to the jnpid growth of tlfe crystals in the concen- 
trated solution. 

(2) But if sodium chloride is produced by the inter- 
uctivu of sodium ethylate o” sodium thiocyanate and 
liydrochluric acid in, say, a mixture of etlier and amyl 
alcohol, in wliich sodium chloride is practically insoluble, 
a curdy or gelatinous precipitate, similar to silver chloride, 
is formed 

( 3 ) If the concentrations in the above reaction are so 
chosen that P is not too large, a stable suspensoid sol of 
sodium chloride will be formed. 

(4) If an a([ueous solution of silver nitrate, saturated 
at 20 °, is cooled in liquid air, a ch*.ar glass is obtained, 
which contains the silver nitrate in the form of a highly 
disperse phase along with ice. This system is stable at 
low temperature in spite of the large value of P, because 
dili’usion is reduced to zero. 

A 1 ‘uller examination of the case of barium sulphate 
will be found of interest. The solubility of barium 
sulphate at 18° is 0'00024 g. in 100 c.c. ; this is not very 
insoluble, (ompared with, ctj. aluminium hydroxide or 
even silver iodide. It is so large that with solutions of 
barium nitrate or chloride (the ordinary reagents) and the 
ordinary laboratory solutions of sulphates, the values of P 
obtainable are not large enough to give large values of 
U ; and for the same reason the 5ubsc(tuent growth of the 
crystals is rapid. Under ordinary conditions of pre- 
cipitation, therefore, barium sulphate is obtained as a 
more or less immediate, crystalline precipitate, which, of 
course, i: exactly what is wanted for analytical purpose^i. 
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By making use of \ more soluble salts, as, e.g. barium 
t]iiocyanatO'(Ba(GNS)2,3H20), and manganous sulphate 
(MnS0^,4H20), it is possible to obtain l)ariunj sulphate 
in any form, from a c^ear gelatinous mass to a clear 
solution. Tlie equivalent solutions are mixed in equal 
volumes; correspondingly large volumes of the very 
dilute solutions must be used, otherwise there will not be 
a visible quantity of barium sulphate to separate out. 
Strictly, the product of the volume and the concentration 
should be a constant. 

The following table, given by von Weimarn, indicates 
the nature of the precipitate : — 


Kquivulent 

r 


co!tc<‘niration 

of 

of till* rcngi uts 


(L = I) oou:ig. 

(") 

(g in lUO c.c ) 

In H)0 c.c ) 

0 00005 

0 

0 

to 

0*00014 

0*0006 

3 

0*00014 

0*0006 

d 

to 

0*0017 

0*0096 

48 

0*0017 

0 0096 

48 

to 

0 75 

4 38 

21,000 


0-75 

4*33 

21,900 

to 

3 

17*51 

87,500 

3 

17 51 

87,600 

to 

7 

40-9 

20^600 


Nfllurp of the 
prei ipllate. 

No precipitaic in a year — 
inioro-crystals to bo ex- 
pected in a few years (macro- 
crystals from large amounts 
of solution). 

Slow precipitation at U = 8. 
Suspensoid stage at U = 26 
(momentary). Complete 
separation m months to 
hours. 

i'rocipitation in a few seconds 
at U - 48 Boyond this, 
install tanoons precipitation. 
Crystal skeletons and 
needles. At U = 21,'JOO 
crystals are barely recog- 
iii.-.able. 

Immediate formation of 
“ amorphous” precipitates. 

Cellular clear jelly. 


It is clear from this that to get a suspeusoid of barium 
sulphate, it is nece.ssary to diminish L, since to increase P 
leads, as was to be anticipated, to the formation of a 
[concentrated) gel. This can be done by the addition of 
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alcohol to the water. The suspensdftd stage appears to be 
most stable at about U = 8, Ketaining tlfis value, and 
4’educiiig L to oiie-teiith of its value in water by means of 
alcohol, we must also reduce Q*to one-tenth ; the velocity 
of growth will also be reduced to the same extent. The 
excess of barium sulphate in 100 c.c. is rediua'p to 
O’OOOIS g. and the stability oj the disperse phase is greatly 
increased. For the sol to be stable, the solubility of the 
disperse phase mu.st not exceed 0 0001 g. in 100 c.c. of the 
dispersion medium. 

The differences in the nature of the precipitate, 
according as the appropriate value of U is attained by 
change in P or in L, are furj er illustrated by a com- 
parison of the barium sul[)hatc gel obtained by the above 
method with 7 n. solutions in water {V large, L un- 
changed) with the gel obtained by Kat<fH method (p. 20G), 
ill which solutions of sulphuric acid and of barium acetate 
in a mixture of alcohol and water (P smaller, L reduced) 
also produce a gelatinous precipitate of barium sulphate. 
The two precipitates are very similar in appearance, but 
their behaviour on dilution with water is strikingly 
different. The former gives at once a dense white 
crystalline precipitate, while the latter forms a clear sol, 
or is at least converted into an opalescent bluish sol, 
which is very stable. On the addition of an acid, as 
hydrochloric acid, a white precipitati; is at once produced, 
owing to the increased solubility of the barium sulphate 
in the acid liquid, and the consequent rapid growth of the 
particles. 

One further instance may* be given which shows 
clearly how the necessary conditions for a sol or a gel 
may be calculated. The solubility of aluminium hydroxide 
is so small that it is impossible to determine it. We 
may assume it to be 10 times less soluble than silver 

N 
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ioHide, say, 10 g. inUOO c.c., wliicli is 20,000 times less 
than that of barium sulphate. With the latter gels are 
obtained at V = 175; a similar precipitate of aluminium, 

hydroxide will be obtained at P = opupO ” 

This is confirmed by experiment. At a concentration of 
0*0005 g. A1(()H)3 in 100 y..c. the precipitate is highly 
disperse, above 0*01 g. it is a gel. When, as here, the 
amount which separates out is so minute, there is not 
enough to form a skin on tlie drops, and a network or a 
fine-grained gel or gelatinous precipitate is obtained. The 
third stage of the table is not attainable at ordinary tem- 
peratures, as the concentrations are too small ; but at the 
boiling-point a microcrystalline precipitate is formed at 
P = 0*0005 g. Ammonia increases the solubility to such 
an extent that large microcrystals are readily obtained. 

Summarising, we have — 

1. Substances which are very soluble. The suspensoid 
stage is only reached at large values of U, and the result 
is a concentrated suspensoid sol, a gel. If U is small the 
suspensoid stage is not recognisable. 

2. Substances of small hut measurable solubility (about 
lO"-^ g. in 100 (;.c.). The suspensoid state is reached at 
both large and small values of U : the former gives a gel 
as in 1, the latter a suspensoid sol of small concentration. 

3. Substances which are practically insoluble. At 
small values of U, the suspensoid stage is not recognis- 
able; with large U dilute sols are obtained. A gel 
is obtained only at extremely large values of U. 

4. However small tba solubility, the precipitate is 
obtained as crystals with small values of U, if the volume 
and interval of time are sufficiently large. 

5. Every highly disperse system obtained by the 
Crystallisation method strives to diminish its dif^persity, 



INTRODUCTION 




because the smallest particles are more soluble than the 
larger. 

A brief discussion of von Weiinarn’s theory of tlie 
solution Tuetbod will be found (,'^i p. 210. 

The crystallisation methods may be classified as 
follows, and will be described in this order: — 

1. Cooling a solution or liquid. 

2. Ttcplacing one liquid by another. 

3. Reduction methods — 

(a) lly hydrogen, carbon monoxide, acetylene, 
hydrazine, etc. 

(h) By phosphorus. 

(c) By organic substances, with or without pro- 
tection. 

{(I) By metals, or kations. 

(e) By kathode reduction. 

4. Oxidation — 

Sulphur from hydrogen sulphide and air or sul- 
phur dioxide. 

5. Hydrolysis — 

(a) Of metallic salts. 

(b) Of other compounds, e.g. silicon sulphide, ferric 

ethylate, etc. 

6. Precipitation methods — 

(a) No electrolyte produced. 

(b) Electrolytes produced, with or without pro- 

tection. 



CHAPTER Xni 


t 

CRYSTALLISATION METHODS 

L Cooling Solution 

A FEW c.c. of a 0’02 })er \iciit. solution of sulphur (or 
'phosphorus) iu alcohol is cooled in liquid air ; a clear glass 
is obtained, which is a highly disperse solid sol. This is 
evident when the tube is allowed to warm up to room 
temperature. The liquid becomes opalescent blue, chang- 
ing to white as the temperature rises. This is succeeded 
by a blue opalescence, and the sol gradually passes into 
a solution. 

An icc sol can be prepared in a similar manner. 
When a very dilute solution of water in ether, chloro- 
form, or xylene (or other liquid of low melting-point) 
is rapidly cooled in liquid air or in a mixture of alcohol 
and solid carbon dioxide, the water crystallises out as 
highly disperse ice, and a liquid sol is obtained. 

This method can be extended indefinitely to either 
low or ordinary temperatures, and to gases, liquids, or 
solids. 


II. Replacement of Soiwent 

In this method the solvent is replaced by a liquid in 
which the solute is insoluble, and thus appears as a 
disperse phase. The preparation of a' mastic sol or a 
gamboge sol is the classical example of this process. 

Gum mastic is insoluble in water, but is readily 
soluble in alcohol or ether. When a dilute alcoholic 
solution is added gradually to a quantity of water, with 
constant stirring, the gum is suddenly precipitaljed in a 
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liiglily disperse condition, and, owing to its insolubility, 
tlie dispersity does not appreci^iibly diminish. Here we 
have a small value of P, while is very small, and U is 
large, whichddlhl the necessary conditions.. If the mastic 
solution is cojicentrated, or if a large quantity of it is 
added to the water, a gel is obtained which is also fairly 
stable. Tlic method is obviously capable of almost in- 
deliuite extension. A few instances will suflice. 

( 1 ) plinr {^denhnn, Phoq^liorus) 

The solubility of sulphur in alcoliol is 0-05 g. in 100 g. 
at 18°, and 0*4 g. at 78°; of phospliorus in alcohol, 
0*3 g. at 18°, and 0'4 g. at 78°. Tioth are practically 
insoluble in water. Crystallised sfdenium is in'^oluble 
in alcohol, hut dissolves in carbon disulphide, its solubility 
being 0'02 g. in 100 g. at 4G®. 

To prepare sulphur or phosphorus sols, 5-25 c.c. of 
cold saturated solution are slowly added to 1000 c.c. of 
cold water, with vigorous stirring. The sols are colourless, 
with a bluish opalescence, and are stable for days or weeks. 

For the selenium sol, 5-25 c.c. of a hot saturated 
solution are similarly added to 1000 c.c. of cold other 
(water cannot be used, as carbon disul[)hidc also is insoluble 
in it). It is of a beautiful rose colour with a metallic 
sheen, and is as stable as the others. 

(2) /Silver Iodide 

Complex salts or double salts, one of whose components 
is an insoluble salt, and which are decomposed by water 
into their components, may yield sols. Thus, if silver 
iodide is dissolved in pota.ssium iodide, and the solution 
poured into a large volume of water, a silver iodide sol 
is obtained. Its stability is increased by the potassium, 
iodide, which at very small concentrations diminishes tlie 
solubility of silvejr iodide. 
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(3) Gelatine (or A<jar) 

If a very diluie solution of gelatine or agar in boilino 
water is poifred into a lafge volume of boiling alcohol^ 
extremely stable suspensoid sols are obtained. 

111. Reduction Methods 

I 

Historical Sketch . — The potable gold of tlie alchemists 
was probably a gold sol, since it was a solution of gold 
salts in ethereal oils ; these slowly reduce gold chloride 
with production of gold sols. The production of a red 
gold solution by the action of a tin solution on gold 
chloride was described in a text-book so long ago as 1 749. 
In 1794 was published an elaborate research on the colours 
produced on silk dipped in solutions of gold salts, and 
subsequently treated with hydrogen or phosphorus in 
other. Red and purple shades were obtained. 

Out of many early references, mention may bo made 
of reductions with hydrogen and ])liosphine (1 811) ; of tlie 
action of egg-white and of isinglass, which gave reddish- 
j)urplc sols ; and of starch, which gave blue sols. We have 
here very early (1821) the action of “protective” colloids 
in conferring stability. Gold chloride was also reduced by 
hydrogen and hydrogen sulphide, by gallic acid, and by 
oxalic acid, etc. (1822). Finally, Bcizelius, in his Lehr^ 
huch (1 844), gave many recipes for the preparation of gold 
sols of different colours. 

Curiously enough, in spite of this wealth of recorded 
observations on gold sols^ they were discovered anew by 
Faraday ^ in 1856, who obtained them by reduction with 
phosphorus in ether, and were rediscovered once again 
by Zsigmondy 2 in 1898. The latter also rediscovered 
Faraday’s work, while both apparently knew nothing of 
all , the early work. All the earliest work seems to have 
been confined to gold, no doubt parUy because of its 

- * Plnl. Tram., 1857, 145. » A'anaUn, 1898, 301, 29. 
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jilcliemistic importance, partly because of its ready 
reduction. Wohler ^ reduced dry silver mellitate or 
citrate by means of hydrogen gas at 10(E ; a brown mass 
was obtained, which dissolved in water with a yellow- 
brown colour (1839). Carey Lea’s ^ reduction of silver 
solutions with strong solutions of ferrous citrate gives 
g(',l 3 containing also ferric ion (which probably acts 
as a “ protector ”), from which the sol is obtained by 
washing out the citrate. Eroin the precipitating clfect of 
citrate, the sol would at)pear to be positive, ic. the 
negative silver sol -b excess of IV" (see p. 139). 
Carey Lea regarded the gels as “ allotropic ” forms of 
silver. 

The modern history of reduction methods begins with 
Zsigmondy’s rediscovery of gold sols by the reduction of 
a faintly alkaline solution of auric chloride with form- 
aldehyde. He sought out the conditions for obtaining, as 
often as required and with small risk of failure, a uniform 
highly disperse gold sol, which was at once stable and 
sensitive to reagents. Further, his method could be 
applied with but slight modilication to other noble 
metals. This was done by Lottermoser^ (1901), who 
prepan'd platinum, palladium, rhodium, and iridium sols 
l)y this method. By taking advantage of the supersatura- 
tion, Zsigmondy ^ has devised a metliod by which a gold 
sol may be prepared of any desiiaul uniform dispersity. 
A small amount of a highly disperse sol is prepared by 
reduction with phosphorus; a little of this is added to 
induce reduction in a mixture of gold salt, carbonate, and 
formalin ; and linally a little of the latter is added in the 

J Fogg. Ann., 1839, [ii.] 36, 629. 

• Awer, J. Science, 1889, [iii.] 37, 470 ; 38, 47. 

■' Ueber anorg. Roll., 1901. 

* JSdchr. K. G. d. Gottingen, 1916, p. 177 ; ref. Roll. Zcitsrjt,) 
1919, 24, 75. 
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same manner to the required amount of gold solution. A 
Iiighly dis^jerse, very stable sol is thus obtained. 

According to von Weimarn’s tlieory, the preparation 
of stai)le higlily disperse .sols of metals by_ reduction of 
their ions in solution sliould be an easy matter, for the 
metals are insoluble in the dispersion medium; thus it is 
easy to have a large value U with very small P, and 
vanishingly small L, and practically no D. Hence 
there will ho a very large number of points of conden- 
sation, and no subsequent growth in the solution, for all 
the ion will have been changed into metal, which i.'^ 
insoluble. 

This is the actual experience, but there is a dilHculty 
of a different origin. The highly disperse sols are 
precipitated by traces of electrolytes, and these may be 
produced by the reduction or be ])resent as iin|)urities 
in the water. On this account many inorganic leducers 
are inadmissible, especially acids and salts, as their ions 
are usually powerful precipitants. If they arc used, pro- 
tective colloids must also be present. When stannous 
ion is used as the reducer, stannic acid is formed along 
with the metal sol, and so stable sols are obtained. 
Examples of this are the purple of Cassius, the alchemical 
preparations of gold, and Lottermoser’s preparation of 
mercury, by means of stannous chloride. Pure suspensoid 
sols are usually not stable unless very dilute, so that if 
concentrated sols arc wanted, as they may be for medical or 
technical purpose.s, recourse must be had to the stabilising 
action of protective colloids. 

PaaD has elaborated a method which makes use of 
two degradation products of egg-albumin, which he names 
protalbic acid and lysalbic acid. Their sodium salts are 
jbtaiued by the action of sodium hydroxide on albumin ; 


‘ Bcr., 1902, 36, 220G. 
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they exert a powerful protection, and at the same time are^ 
strong reducers. They may be used alone, or in con- 
junction with otlier reducers, a.'j hydrazine, sodium amal- 
gam, etc. Others, too, have employed protective colloids 
for the same purpose. These sols are not so useful for 
many scientific purposes, as their pro] icrties differ so much 
from those of the pure sols, lut they are extraordinarily 
stahlo, and may be dried up to liard, metallic-looking 
grains, which after years will completely sol ate when 
placed in water. It is very doubtful whether their 
physiological activity is at all comparable to that the 
unprotected sols. 

Kathode reduction may give rise to sol formation. 
Billiter^ obtained a yellow-brown mercury sol at the 
kathode wlien a()'004n. solution of mercurous nitrate was 
electrolysed. He employed a U with side tubes, 
the bend being plugged with glass wool. On prolonged 
electrolysis at 220 volts and 0‘2“0‘3 ampere, the solution 
was converted into a turbid gray liquid. 

The purity of the water is an important factor in the 
production of stable sols. Bourdillon’s method of distilla- 
tion ^ is simple and most effective. Using this water 
(k — 0*3 to 1 X 1 mho), the author has obtained brilliant 
stable sols of gold, silver, ferric hydroxide and arsenious 
sulphide. Naturally it must also be msed for the dialysis. 

It is quite impossible to deal exhaustively with all the 
reducers which have been employed successfully. Full 
details are to be found in Svedberg’s invaluable book.3 

Among the reducers which have been found effective 
are the following : — 

1 Bcr., 1902, 36, 1929. 

■> Ghem. Soc. Journ., 1913, 103, 791. 

^ * Mcthcden z. Darslellung Kolloider Ldsungen, 1909. 
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Rediver. 

Sol. 

Author. 

II, 

A? 

Kohlschutter * 

CO 

An, Pd 

Tlonau * 


Ag 

Kohlsch fitter ' 

so., \ 

Ag 

V. d, Pfordten* 

iT^roJ 

Se 

Schulze * 


Te 

Gut hi or' 

p 

Au } 

Faraday ^ 
Zsigmondy ' 

Tcipcnos, alcohols 

An 

Vanino * 

Acctyleno 

All 

Flake* 

Formalflohyde 

Au 

Zsigmondy ' 


Pt, Pd. Uh, Tr 

Lottermosor 

,, + bilicic acid 

Acroleiu 

Au, Ag 

Kuspert " 

Au, Pt, Pd, Us, Ku 

Castoro '* 

Carbohydratci 

Au 

Vanino 

N.,H, 

/Ag, Au, Pt, Pd Ir, 1 
\Sc, To ) 

(luthier 

NlFOll 

Au, Tc 



Au, Te 1 

M 

With Piotectivc Sols. 


Protalbatos and lysalbatc.'^ 

1 Ag.O (to 80%) 

r.iaP* 

+ Njll^ 

1 Ag'(93%) 



! Au (9.3%) 



1 Pt (78%) S 


Protalbato -\- If, or Ndl, 

Pd (76%) 


Lysalbato Nallg 

Tr (40%) 

1 ” 1'^ 

M H Ndl, 

Cu (rod and blue) 



Cu (brown and 1)1 uc) 



So 


Polyphenols 

Au, Pt, Ag, Ilg 

1 1 enrich ” 

Phenol acids 

Au, Ag, Pt 

(3arbowski *’* 

Fo" (citrate) 

Ag 

Caioy Lea '* 

Sn ■■ 

Ilg, Bi, Cu 

Lottermoser 


* Zeitsch. Elektrochem., 1908, 14, 49. 

^ Monatsh., 1905, 26, 525 ; 1900, 27, 71. “ Jicr., 1885, 18, 1407. 

* J. pr. Chem., 1885, [n.J 32, 390. 

‘ Zeitsch. anorg. Ghein., 1902, 32, 51, 91, 100. " Loc. cit., p. 179, 

‘ Loc. cit., p. 179; also Zeitsch. anal. Chcm. , 1.001, 40, 697. 

" Bcr., 1900, 39, 1090; 1905, 38, 403. 

* Amer. J. Science, 1903, [iv.] 16, 381. Loc. cit., p. 179, 

" Ber., 1902, 35, 2815, 4060. Zeitsch. ajiorg. Ghem., 1904, 41, 126. 
Koll. Zeitsch., 1907, 2, 61. 

“ Zeitsch. anorg. Ghem., 1905, 45, 77; 1902, 31, 448; J. pr. Ghem., 
1905, [ii.] 71, 358, 452; Zeitsch. anorg. Ghem., 1902, 32, 51, 91, 106, 347 ; 
1904, 39, 112. Bcr., 1902, 35, 2200, 2224, 2236 ; 1904, 37, 124. 

' Ber., 1900, 39, 1546, 1550; 1905, 38, 534, 526. 

‘ Ber., 1903, 36, 609, 1215. •* Ibid., p. 1215. '» Loc. cit., p. 179. 
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A detailed account of the following methods is i^iven^ 
as being the most generally useful and illustrative : — 

1. Kolilschutter . silver s^l with hydrogen. 

2. I)ona*li . . . gold sol with carbon monoxide. 

3. Zsigmondy. . „ „ formalin. 

,, „ phosphorus. 

4. Castoro . . . plati|uira sol with acrolein. 

5. Guthier . . . red and blue gold sols with 

hydrazine. 

(1) Silver Sol by reduction with Hydrogen { Kohlschtltter) 

The method consists in the reduction of silver oxide 
or hydroxide in presence of water by means of hydrogen 
gas. As the two products are silver and water, the 
method is one which yields an electrolyte-free sol— 

2 AgOH -f IIj =: 2 Ag 4 - 2H2O 

Hydrogen gas is bubbled through a hot (50®-60°j 
saturated solution of silver oxide, contained in a round- 
bottomed flask, which is preferably of Jena glass. Solid 
silver oxide is present to keep up the concentration. 
In 8-10 hours about O'5-l litre of intensely coloured sol 
is obtained. Reduction is too slow below 60®, while 
above 60® the sols are very unstable. Analysis showed 
the presence of some unchanged silver oxide. 

As the action appeared to take place mainly at the 
interface between the liquid and the vessel, Kohlschiitter 
tried the effect o^ various surfaces. In a platinum vessel 
a crystalline deposit was obtained in place of the sol. 
This suggested a means of purification, as follows. 

About 80 c.c. of the sol is placed in a blackened 
platinum ]ja.sin, and protected from air by a bell-jar. 
Pure hydrogen is passed through the liquid by means of a * 
lube with a platinum tip. In 1 2 hours the residual isilVer 
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^ oxide was reduced, the silver being deposited as bright 
crystals which firmly adhered to the basin. During this 
•treatment the electric (Conductivity fell to 7-8 X 10"® 
mho, a tenth of its former value. The specific con- 
ductivity of the water was about 2 X 10"® mho. 

(For other interesting details of this work, see p. 107.) 

Tills preparation can behnade as a lecture experiment, 
if a saturated solution of silver oxide is substituted for 
the suspension. About 150-200 c.c. of filtered solution 
are heated to 00° in a Jena flask fitted with Jena glass 
tubes, and a brisk current of pure hydrogen passed through 
it. In 20-50 minutes a perfectly clear, intense yellow 
sol is obtained, whicli presents a most brilliant appearance 
in the ultramicroscope. It contains about 0'03 g. Ag in 
1000 c.c. 

(2) Gold Sol by reduction with Carbon Monoxide 
(Donau) 

Pure gold, precipitated by oxalic acid, is dissolved in 
aqua-regia, evaporated on a watcr-batli, and dissolved in 
pure water to form a 0 ‘002-0 05 per cent, solution. If 
ordinary distilled water is used, a protective colloid must 
be added. The carbonic oxide, prepared from oxalic acid 
and sulphuric acid, may be used along with the carbon 
dioxide, or freed from it; the mixed gas gives a better 
colour. The gas is stored in a gasometer, and, after 
bubbling through water, is passed into the gold solution 
by means of a capillary tube. The solution may be cold 
or warm; in a few minutes a red colour is noticeable. 
The reduction is complete and the end of it is ascertained 
by the electric conductivity. Large quantities can be 
made at a time, if the gas is led in slowly. A litre of 
’ Q’002 per cent, sol may be had in about 2 hours. The sol 
is* of £L clear red colour, and is very stable. The* carbon 
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dioxide can be removed by boiling, and the hydroclilorm 
acid by dialysis. • • 

# A very stable palladium sol is obtained by treating, 
a palladoiis clilorido solution (A'0005-0‘05 p*er cent.) in 
the same manner. The reaction is quicker, and is 
complete. Most of the acid can be removed by dialysis. 

Kohlscbiitter made a silv|r sol by reduction of silver 
oxide solution with carbon monoxide. It was not very 
stable. 

(3) Gold Sol by reduction with Formaldehyde 
(Zsigmondy) 

The following are Zsigmondy’s later directions, and 
by adhering to them it is easy to prepare a pure red 
gold sol. 

About 120 c.c. of pure water are ])ut into a Jena glass 
beaker of 300-500 c.c. capacity, and raised to boiling 
point. During the warming 2*5 c.c. of the gold chloride 
solution (6 g. of crystallised ITAuCl4,31f20 in a litre), 
and 3-3 '5 c.c. of pure potassium carbonate solution 
(0T8 n.) are added. As soon as it boils, 3-5 c.c. of 
formaldehyde solution (0’3 c.c. of commercial formalin in 
100 c.c. of water) are added moderately quickly, a little at 
a time, with constant vigorous stirring (a soft glass rod 
must not be used; a Jena glass tube closed at the ends 
will do). The reaction commences in a few seconds, or, 
at longest, a minute; the liquid turns a pale red, rapidly 
changing to an intense bright red, which undergoes no 
further change. The sol may be purified by dialysis. 

It appears to be impossible to prepare more than 120- 
150 c.c. at a single operation, with larger quantities the 
colour is not so good or clear. If a large quantity is 
required, the individual samples are collected and sub- 
mitted to purification together. 
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(4) Gold Sol by reduction with Phosphorus (Zsigmondy) 

Faraday’s gold sols, prepared by adding a solution of 
‘ phosphorus » in ether to ai|ueous solution of gold chloride, 
varied very much in colour and stability. Zsigmondy, by 
combining it with his formaldehyde method, has devised 
a method wliieh gives, without difficulty, gold sols of the 
higliest dispersity. 

The directions and quantities are tlie same as in the 
formaldeliyde method (see above), except tliat the solution 
is not boiled, as reduction takes place at the ordinary 
temperature, and that a few drops of a solution of white 
phosphorus in ether are added instead of the formalin. 
The action is slow, the liquid turning first pale yellow- 
brown, then gradually a pure red, which is perfectly clear, 
without a trace of opalescence by either transmitted or 
reflected light. 

The Tyndall effect is scarcely observed in it. The size 
of the particles is about l-2-l‘5 /</i, and is exceedingly 
uniform. Tn the ultramicroscope a few isolated gilded 
dust particles are observed, and beyond that, only a feeble 
cone of light which gradually fades away on dilution. 
The sol is very sensitive to electrolytes. 

(6) Platinum Sol by reduction with Acrolein (Castoro) 

About 500 c.c. of a solution of H 2 PtClQ (1 g. in a 
litre) are made slightly alkaline with a few drops of 
potassium carbonate solution, and raised to boiling point. 
The flame is removed, and 2-4 c.c. of* acrolein solution 
(Kahlbaum’s 33 per cent, solution) are added. The yellow 
colour disappears in a few seconds, and is succeeded by a 
brown colour, which finally becomes black. It is filtered, 

, diluted with its own volume of water and dialysed. The 

sol is quite clear in thin layers, and is very stable^ 

* • ♦ 
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For dilute sols it is better to mnke 60-60 cc. of the? 
platinum solution up to 200 c.c. with pure w;itor, and to 
proceed as above, using correspondingly less acrolein. 

Gold, palladium, osmium, and 4:uthenium sols may also 
be pi'epared by this method. 

(6) Blue Gold Sol by reduction with Hydrazine * 
(Gutbier’s llethods) 

In these liydrazine, phenylhydrazine, and hydroxyl- 
amine are employed as reducers. 

1 g. gold chloride is dissolved in 1000 c.c. of pure 
water, and exactly neutralised with very dilute sodium 
carbonate. A solution of liydra/ine hydrate (1 c.c. of 
Kahlbaum’s commercial 50 per cent, solution to 2000 c.c. 
of water) is added drop by drop. The reaction begins at 
once with production of a deep blue sol. In all a few c.c. of 
the hydrazine solution are required for complete reduction. 

The sol is deep blue by both transmitted and refl(*cted 
liglit, is clear, and very stable. If too much reducer is 
added, the .sol is not clear and soon settles out. A 
peculiarity of the phenylhydrazine reduction of gold is 
that stable sols of different colours can bo obtained by 
simply adjusting the amount of reducer. The following 
is a striking experiment : — 

Dilute 5 c.c. of gold solution (OT per cent.) with 300 c.c. 
of water in a large beaker, and run in from a burette 0*2 
to 0*5 c.c. of a freshly prepared solution of phenylhydra- 
zine hydrochloride (0*4 per cent.). On stirring the liquid 
l)ecomes deep red.* Now add more reducer, drop by drop, 
when the colour changes to violet ; after addition of 5 c.c. 
the colour is violet-blue, a further quantity changes the 
colour to blue, and finally to deep blue when 12 c.c. have 
been addetl. 

Silv^, platinum, palladium, iridium, telluriiyn, an(> 
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Ijelenium sols, with gum arabic as protective colloid, have 
been made by this method. 

The colour of the gold sols produced by reduction 
with hydrazine hydrate ^depends on the reaction of the 
solution. ’ If the solution is faintly acid the sol is bright 
blue, if it is almost neutral the sol is violet or purple, 
while a brilliant red sol Js obtained if the reaction is 
alkaline (author’s unpublished results). Thus — 

100 c.c. water, 

1 c.c. gold solution (1%), 

1-1*5 cc. potassium carbonate solution (0’18 n.), 

1-2 c.c. hydrazine hydrate (1 c.c. of 50% solution to 
2000 c.c. of water), 

give a bright blue sol. If 2 c.c. of potassium carbonate 
are used the sol is violet, and with 2*5 c.c. of potassium 
carbonate and 3 c.c. of hydrazine hydrate solution the 
colour is a brilliant clear scarlet. All three sols are very 
stable, and are easily reproduced. 

PaaTs Method. Protalbic Acid and Lysalbic Acid as 
Protective Colloids 

This method is important because of the highly con- 
centrated sols which can be prepared by it (for ‘'Pro- 
tection,” see p. 128). There are two ways in which these 
substances have been employed ; in the earlier method 
they were used both as reducers and protectives, while 
in the later they are simply protectives, other powerful 
reducers, such as hydrazine, sodium amalgam, etc., being 
used to elfect the reduction. The latter method is the 
more useful. Two examples will suffice. 

Silver Oxide Sol and Silver Sol. — 1 part of sodium prot- 
albate is dissolved in 15 parts of water, and some sodium 
liydroxide is added. Silver nitrate is then added until a 
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precipitate forms, which is dissolved by more sodium 
hydroxide. Silver nitrate and sodium liydroxlde are added 
alternately until the desired coijcentraiion is reached (up 
to 3'2 parts of AglsTOg, or 2 parts A^f). If a silver oxide 
sol is wanted, this solution is dialysed. For silver sol 
the undialysed silver liydroxide sol is heated on the water- 
bath until reduction is complete; this is known by the 
absence of any reaction with one drop of liydrazino solu- 
tion. The sol is then dialysed and evaporated in a flat 
basin on the water-bath. It consists of shining grains 
with a beautiful blue-green metallic sheen, and is com- 
pletely soluble in water, even after two years if a drop of 
sodium hydroxide solution is ivab'd. 

Gold, platinum, and oilier metal sols arc obtained in 
a similar manner, with the aid of hydrazine as reducer. 

Selenium.— 3 g. of sodium protalb;ito are dissolved in 
45 c.c. of water, and 1*63 g. of Se 02 ( = 1 g. Se) dissolved 
in water is added, along with sodium hydroxide in sufli- 
cient quantity to redissolvo any precipitated protalbic 
acid. 2 g. of commercial hydrazine liydrate solution arc 
added, and the liiiuid then rendered just acid in reaction 
by means of dilute hydrochloric acid. The liquid froths 
up and becomes blood-red in colour. Alcohol is added 
to diminisli the frothing. The reduction is aided by gentle 
heat, wlileh causes red flocks of colloid selenium and free 
protalbic acid to settle out. These are dissolved by 
addition of sodium hydroxide, and the solution is then 
dialysed. The sol is quite clear and of the colour of 
arterial blood. Lt can be evaporated on the water-bath 
and dried in a vacuum over sulphuric acid. It is a dark 
red, shining, and enamel-like substance, and is completely 
soluble in water. 

It contains 33 per cent, of Se, and 5 per cent, of Na, 
The solubility in water is retained for several yeacs. 
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' Mercury (Lottermoser). 

A very dilute solution of mercurous nitrate is poured 
into a dilute solution of stannous nitrate. An excess of 
stannous salt is necessary; and neither solution should con • 
tain more free acid than will just prevent the separation 
of basic salts. Tlic litpiid becomes deep brown in colour. 
The mercury sol is pn'cipjtatcd by a strong solution of 
nninionium citrate as a hue black precipitate, and the 
liquid carefully neutralised with ammonia. The liquid is 
sy])honcd off, the rest being sucked out by means of a 
porous earthenware filter. The precipitate is dried in a 
vacuum over sulphuric acid. It has a silvery lustre and 
forms in water a deep brown sol. 

This preparation owes its stability, no doubt, to the 
protection exerted by the emulsoid stannic acid, which is 
produced at the same time by the hydrolysis of the stannic 
nitrate. This accounts for the salting out and the subse- 
quent regeneration of the sol. 

Bismuth and copper sols have also been prepared by 
modifications of this method. 

IV. Oxidation Methods 

The oxidation of hydrogen sulphide to water and 
sulphur seems to be the only instance of this method. 
When a solution of hydrogen sulphide is exposed to air, 
a bluish opalescent sol is first noticed, which subse- 
quently turns yellowish-white and deposits sulphur. Or 
a solution of hydrogen sulphide is acted on by a solution 
of sulphur dioxide, when a series of complicated reactions 
occurs, one product of which is sulphur gel and sol 
(Wackenroders solution, 1846).^ Wackenroder prepared 
it by passing hydrogen sulphide into a saturated solution 
. of siilnhur dioxide at room temperature; he observed that 
• ^ nnaUn , 164G, 60, 189. 
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the opaque yellowish- white liquid is yeiy stable, and is 
apparently homogeneous, as it can be fdtered unchanged. 

Sclnii and Sobrero (1850)* passed sulphur dioxide and 
hydrogen sul})liide simultaneously into a tlask full of 
water. Tlie yellow precipitate of sulplmr dissolved in 
water and was rcprecipiti^ted by salts. If sodium salts 
were used, the precipitate ^edissolved in water, but not 
if potassium salts had hi on used. In the latter ease the 
precipitate is clastic and remains so for months. The 
precipitate contains potassium sul[)hate which cannot bo 
washed out. The acid liquid contains sulphur sol, which 
is precipitated by potassium or sodium salts. They con- 
sidered it to bo an omulsioii (like soap, starch, prussian 
blue, in Selmi’s previous researches). 

Debus ^ fully investigated Watdvenrode’’’s solution and 
gave details of the preparation. 

lleccutly llaffo^ prepared sulphur sol from sodium 
thiosulphate and sulphuric acid as follows; 50 g. of pure 
Na 2 ^ 2 ^\c^dr 20 are dissolved in 80 c.c. of water, and added, 
drop by dro]), with constant stirring to 70 g. of sulphuric 
acid (of density 1*84) contained in a 800 c.c. cylinder, which 
stands in cold water. Hydrogen sulpliide is first formed, 
then sulphur dioxide, followed by a whitish precipitate, 
changing to lemon yellow. When the action is over, 
80 c.c. of water are added and tlie whole shaken up and 
heated to 80*^ for 10 minutes. Tlie sulpliur dioxide is 
expelled, and tlie thick turbid mass clears up to a sulphur 
yellow liquid, which is filtered through glass wool, kept 
cold for 12 hours, is reheated and then refiltered. This 
treatment is repeated until all the insoluble sulphur ia 
removed. At this stage the sulphur is a yellow mass 
which dissolves on warming to a perfectly clear yellow 
' Ann. Oiim. Phys., 1850, [iii.] 28, 210. 

• Cheyi. Soc. Journ., 1888, 53, 278. * Roll. Zeitsch., 1908, 2, 858; 
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sol. It is allowed to settle out, centrifuged, washed 
with cold Witter, centrifuged again, dissolved in water, 
precipitated by sodium ci|rbonate, centrifuged, and so is" 
obtained as a sediment of almost pure soluble sulphur, 
which solates in distilled water. One such sol contained 
4‘6 per cent, of S and 1*5 per cent, of Na 2 S 04 . 

Its stability is not very gi’cat, and is diminished if the 
sodium sulphate is dialysed away. With sodium salts 
a gel is preci])itated, which solates in pure water, or 
on heating to 80° With potassium salts tlie gelation is 
irreversible. A sol which had been neutralised by sodium 
carbonate remained clear when kept in a stoppered vessel. 

V. Hydkolysis Mrtiioi:)S 

The hydrolysis of salts is really a special case of 
double detannposition, in which water is one of the re- 
agents; this is clearly seen if the reaction takes place in 
lion-aqueous solution. Theoretically, all salts undergo 
hydrolysis, but not to a recognisable e.vtcnt unless the 
acid or the base, o” both, of the salt is a weak electrolyte. 

The equations 

Fe-'Clg' -f 311*011' ^3irCr + Fe(01l)3 
and 

NaCN' -f irOir^NaOIl' -h IICN 
illustrate the reaction. In the latter instance the acid is 
very weak, but is soluble. In the former the base is 
probably very weak, but is certainly very insoluble, and 
thus the equilibrium point is very far on 'the right side. 

Hydrolysis is, as indicated in the above equations, 
reversible, and increases with the dilution, and also with 
rise of temperature. When, as in the first reaction, one 
product is an insoluble substance, we have thd necessary 
con.ditiorts for obtaining a stable sol. Even m cases 
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where the hydrolysis is slight, a sol may he obtained by 
dialysis, if the salt is not nearly so dilTusiblo as the acid, 
which is usually the case. Orfthe acid may be volatile, 
in which case hydrolysis can be completed by boiling 
off the acid. The salts which have been most frequently 
utilised for preparations are those of organic acids (acetate 
chieily, because acetic acid '3 both volatile and a weak 
acid), and nitrates and chlorides, owing to their solubility 
and the ready diffusibility of the acids. Another factor of 
importance is the precipitating effect of anions on positive 
sols, which all the hydroxide sols formed by hydrolysis 
of these salts are. Sulphates are more readily hydrolysed 
than chlorides or nitrates, but ferric sulphate cannot be 
used to prepare a ferric hydroxide sol, owing to the 
precipitating elli'ct of the bivalent anion SO4" on the 
positive sol, and this in spite of the stabilising elfect of 
the IT ; in consequence a precipitate of so-called basic 
ferric salt is produced instead of a sol. 

The earliest preparation of a sol by hydrolysis was 
the hydrolysis of silicon sul})hide, whicii was discovered 
by Berzelius (IShd).^ Crum^ then prepared an aluminium 
hydroxide sol from aluminium acetate by boiling off the 
acetic acid. He failed to get ferric hydroxide sol in 
the same way, but this was done by Bean de St. Gilles 
a year later.^ Then followed the dialysis researches ot 
Graham, but these processes are really solution processes, 
as he digested the solution with precipitated hydroxide 
before dialysis. 

The hydrolySis of ferric chloride was fully investigated 
by Debray,^ and more especially by Krecke.® The latter 
found that with solutions containing over 4 per cent, of 

* Lehrbuch, 3 Edition, II., 122. * Annalen, 1853, 89, 156. 

• C07nj}t. rend., 1855, 40, 668. ♦ Conipt. rend., 1869, 68, 918# 

‘ J. pr. Clicm., 1871, [ii.] 3, 286. 



I9S PREPARATION OE COLLOIDS 

ferric cLloride the hydrolysis is reversed on cooling, while 
below 1 per'cent. it is quite irreversihlo. The temperature 


at which liydrolysis is coitiplete also depends on tlie con- 


centration, thus : 


Conrontration. 


g. FeCIj in 100 g. of solution. 

Temperature. 

8 

J .)U 

110° 

4 

100° 

1 

8:!° 

0-25 

(;4° 

0-00 

30° 

Most of the free acid can 

be removed by dialysis. 

Goodwin^ showed by measurement of the electric con- 
ductivity that the hydrolysis of ferric chloride is a time 
reaction. The same holds for zirconium chloride, and for 


alum in iuni acetate. 


As usual, a few tyi)ical prepnratiuns will be given. 


(1) Hydrolysis of Acetates 

Alammium Hydroxide Sol^ 

A solution of aluminium acetate (containing not more 
than 0‘5 per cent, of Al{OH) 3 ) is heateu to 100° in a closed 
vessel for 10 days. The liquid is diluted in a wide flat 
basin, and is kept boiling vigorously until all the acetic 
acid is driven olf, water being constantly added to replace 
■ tliat boiled off. If the depth of the liquid does not exceed 
5 mm., 1 to 2 hours' boiling will be sufficient. 

The final concentration should be about 1 part of 
A1(0H)3 in 1000 parts of water. The sol is transparent, 
tasteless, and neutral. 

^ Zeitsch. physikal. Chem,, 1896, 21, 1, 

* Crum, Anmlen, 1853, 89, 156. 
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(2) Hydrolysis of Nitrates 

(a) Zirconium ffifdroxide Sol ^ , 

30 g. of zirconium nitrate are dissolved in 500 c.c. of 
water, and evaporated to dryness on a water-bath. The 
residue is dissolved in 500 q.c. of water and again taken 
to dryness ; this treatment is repeated several times. The 
final product is a clear gum, which swells up in water, 
and forms a very viscous sol. On dilution an opalescent 
sol is obtained. 

{h) Ferric IL/droxide Sol ^ 

A solution of iron in nitric acid is freed as far as 
possible from acid. It is then dialysed in a parcliiueut- 
paper tube, the external water being changed tliree times 
a day. The dialysis is continued until nitric acid can no 
longer be detected in the exterior water. This takes about 
four to six days. The sol is clear brown, with a slight 
opalescence by reflected light. 

Sols of* the following metallic hydroxides have also 
been prepared by this method : chromium, aluminium, tin, 
bismuth, cerium, thorium, zirconium. In every case the 
sol contained traces of nitrate. 


(3) Hydrolysis of Chlorides 

Ferric Hydroxide Sol ^ 

A few c.c. of a 32 per cent, solution of ferric chloride 
are added slowly to 1000 c.c. of boiling water. The liquid 
becomes dark red-brown, and remains so on cooling; it 


Muller, Zeitsch, anorg. Chem,^ 1907, 62, 316. 
* Biltz, Ber., 1902, 36, 4431. 

« Krecke, J. pr. Chem., 1871, [il.] 3, 286. 
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contains ferric hydroxide sol and hydrochloric acid. It 
Vill serve mdny purposes without purification. Practically 
.all the acid can be remov(|d by dialysis. 

(4) Hydrolysis of Silicon Sulphide ^ 

fierzeliiis, and later Erenvy, obtained silicic acid sol by 
the action of water on silicon sulphide. Hydrogen sulphide 
is evolved and p silicic acid remains in solution. It is 
very stable (it is an electrolyte-free preparation, as the 
gas escapes), but becomes gelatinous if it is concentrated 
or boiled, or if alkaline salts are added. 

(5) Hydrolysis of Organic Compounds 

{a) Ferric Hydroxide Folfrom Ferric Ethylate^ 

Anhydrous ferric chloride is dissolved in absolute 
alcohol, and treated with sodium ethylate. Sodium cliloride 
is precipitated, the ferric ethylate remaining in solution. 
This is poured into a large quantity of watei', when a clear 
brown sol is obtained. 

(1)) Ei/icic Acid Sol from Methyl Silhdx^ 

A solution of 8 g. of methyl silicate in 200 c.c. of 
water is boiled under a reflux condonser. The methyl 
alcohol is then removed by boiling off one-fourth of the 
liquid. A 2*25 per cent, sol is obtained, which, as the 
method indicates, is very stable against heating. 

^ Berzelius, Lehrbuch III. Auf. 2, 1832, 122 ; Fr6my, Aim. Chim. 
Fhys., 1863, [iii.] 38, 312. 

? Grimaux, Compt. rend., 1881, 98, 105, 1434. 
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VI. Other Crystallisation Methods 

This section contains all th^ crystallisation methods 
which arc not reductions or hydrolyses. As already 
suggested, there is no scientific importance in this sub- 
grouping. 

These methods are mainl;' double decompositions, one 
product of which is insoluble. They are thus typical 
cases of von Weimarn s theory, and special attention is 
again directed to it, and to the examples already de- 
scribed in detail, which properly come into this section 
(p. 175), The stability of the sol depends to a great extent 
on the nature of the other product. If it is an electrolyte, 
the sol may soon bo precipitated by it, unless the solutions 
are very dilute; or it may not be obtained at all imless a 
protective colloid is ])rescnt. AVe have thus three clas.ses ; 

{a) The other itroduct of the reaction is a non- 
electrolyte. 

Qj) The other product is an electrolyte, and the con- 
centrations must be very small. 

(c) A protective colloid is added to increase the stability 
of the sol. 

Historical SkdcJi.—lu the third edition of his Lthrhtich 
(1833) Berxelius described the jucjfaration of soluble 
arsenious sul[)hide from arsenious oxide and hydrogen 
sulphide, and its precipitation by hydrochloric acid. He 
also states that osmium sulphide is obtained as a brown 
solution by the action of hydrogen sulphide on osmic acid, 
and that it, too, is precipitated by acids. 

Then Graham (18G7) in his classical experiments pre- 
pared many sols by the action oL'acids or alkalies on 
soluble salts, as e.g. hydrochloric acid on silicate, stannate, 
molybdate, or potassium hydroxide on stannic chloride^; 
also hf double decomposition of salts in dilute solviion 
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and subsequent dialysis to remove the electrolyte product, 
e.g, copper ferrocyanide, prussian blue. 

‘ Schulze (1882) returned to the action of hydrogen 
sulphide on oxides of arsenic and antimony, tin the latter 
case no sulphide sol was formed, and he investigated the 
action of hydrogen sulphide on tartar emetic ; other salts 
are produced in the reaction,* and the concentration is an 
important factor. No sol is obtained if the tartar emetic 
solution is more than 1*6 per cent., and piirtial precipita- 
tion occurs between 1*25 and 0*5 per cent. 

Winssinger (1888) prepared many sulphide sols by the 
action of hydrogen sulphide gas on very dilute solutions 
of- salts, e.g. of platinum, palladium, gold, silver, thallium, 
lead, bismuth, iron, nickel, cobalt ; other sulphides, e.g. of 
tungsten and molybdenum, by dissolving the sul])hide in 
ammonium sul[)hide and reprecipitation with acetic acid. 
The salts were removed by dialysis. Zinc sulphide sol 
was prepared by passing hydrogen sulphide into a suspen- 
sion of zinc hydroxide. It is doubtful if this last method 
is not a solution method ; it may at least become one if 
excess of hydrogen sulphide is passed in. Linder and 
Picton (1892) substituted hydrogen sulphide solution for 
the gas, at the same time keeping up the concentration 
by passing in more gas. They employed hydroxides in 
suspension, and also salts. 

Lottermoser, acting on mercuric cyanide and copper 
glycine with hydrogen sulphide, obtained stable sols of 
mercuric sulphide and copper sulphide, the other products 
being hydrocyanic acid and glycine (amino-acetic acid), 
both non-electrolytes. He also prepared organosols from 
the same substances 'by substituting organic liquids for 
water as solvent. 

He also discovered later that, at sufficiently low con- 
centiliatiohs, silver nitrate gives sols with many salW which 
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form insoluble silver salts, provided that one or other of 
the reagents is present in slight excess (see p. 110). In 
this way he prepared many silv’er sols, e.g, 4gCl, AgBr, ’ 
Agl, AgCN, AgCNS, AgOll, Ag2C03, Ag2Cr04, AggS, etc. 
Solution processes may also play a pai t in some at least 
of these preparations. 

Many sols prepared by doitble decompositions are not 
very stable, and none are so except at great dilution. If 
more concentrated sols are required, an emulsoid must be 
added to confer stability. Tor instance, Paal’s protalbic 
acid and lysalbic acid methods are equally ellective for 
other insoluble metallic compounds. By the action of 
the appropriate sodium salt on silver protalbate or lysal- 
bate, Taal prepared sols of AgOH, A&003,Ag3l>04, AggS, 
AgCl, AgBr, Agl ; ho also prepared HgjO sol by the saiae 
method. Other emulsoids may be used; JlgCl, llgBr, 
Hgl, Ag20r04 sols have been made with albumin as pro- 
tector; with the aid of gelatine Lobry de Bruyn (1898) 
obtained sols of AgCl, AgBr, Agl, Ag2Cr04, sulphides 
and hydroxides of many heavy metals, lead iodide, Prus- 
sian blue, copper ferrocyauide, manganese dio.vide, etc. 
According to him concentrated sugar solution also 
protects. 

In some instances, a protective colloid may be pro- 
duced by the reaction. Michael observed that the reaction 
between chloracetic ester and sodiomalouic ester (and other 
similar compounds) in benzene solution gave clear solu- 
tions of a pale yellow colour, with a faint opalescence, 
and concluded that an addition compound had been formed, 
as no sodium chloride separated out as usual Baal (1906) 
showed it to bo a sol of sodium chloride, which is pre- 
cipitated as a gel by ligroin; this gel is re-solated in 
benzene. An organic bye-product is supposed to act as, 
protecto?; sols of sodium bromide and iodide have b"<«n 
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obtained by similar ructions in anhydrous benzene or 
ether. Tlie* presence of a protective colloid does not seem 
necessary for the stability of sodium chloride sol in organic 
liquids, sucfi as benzene, in which it is practically insoluble 
(see p. 174). 

As before, a few typical or important })i’eparations are 
given in detail. 


A. Electrolyte-free Sols 

I. Arsenious Sidpliide 

Pure arsenious acid is dissolved in watoi’, which is kept 
boiling ; in this way a strong solution is ohLained. This 
solution is allowed to flow into a satiirati'd solution of 
hydrogen sulphide, through which a current of the gas is 
continuously passing. The uncombined hydrogen sul- 
phide is removed by a current of hydrogen (Linder and 
Picton). 

Schulze obtained very concentrated sols by adding 
arsenious oxide to the sol, after the saturated solutions 
had been treated with hydrogen sulphide, then adding 
more llo^^. After several repetitions the sol contained 37 
per cent, of arsenious sulphide. 

IT. Zinc Sulphide Sol^ 

A ciuTent of hydrogen sulphide is })assed into water 
containing in suspension pure zinc hydroxide, which has 
been precipitated by ammonia and washed with cold 
water by decantation. The sol is very slightly opal- 
escent. Copper sulphide sol is prepared in a similar 
way. 

* Linder and Picton, Chem. Soc. Journ., 1892, 61, t37 ; Schulze, 
J. pr. Ch^m., 1882, [ii.] 25, 431. 

* ‘.^Viiis&inger, Bull. Soc. Chinu, 1888, [ii.] 49, 452. 
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III. Mercuric Sulphide Sol 

Xlyclrogen sulphide is passed into a cold saturated . 
solution of lyercuric cyanide (12 g. in 100* c.c,). TI10 
hydrocyanic acid cannot he cornjjlctely removed by a 
current of hydrogen sulphide or carbon dioxide, and the 
sol becomes unstable if it is di^xlysed. The best way is to 
distil oil the hydrocyanic acid under reduced pressure in 
an atmosphere of hydrogen sulphide. The sol is deep 
brown in colour. 

Copper glycine treated in a similar manner gives 
copper sulphide sol. 

Orgauo.sols are obtained by uung ether or benzene as 
solvents instead of water. 

B. Sols containing Electrolytes 

I. Silicic Acid Sol ^ 

A solution of sodium silicate (112 g.) is poured into 
an excess of dilute hydrochloric acid (07*2 g. HCl), the 
total amount of water being 1000 cc. The sodium 
chloride and the excess of acid are dialysed away ; the 
dialysis is complete in four days (no precipitate with 
silver nitrate). The sol contained CO'5 g. of silicic acid, 
G’7 g. had escaped during dialysis, and the concentration 
was 4-9 per cent, of silicic acid. 

II. Antimonious Sulphide Sol^ 

4 3 g. antimonious oxide and 13 g. of tartaric acid 
are made up to 1000 c.c. of solution ; this will give a 
0*3 per cent. sol. The solution is saturated with hydrogen 

’ iLottermoscr, J. pr. Chem., 1907, [ii.] 75, 293. 

* Graham, Phil. Trans., 18G1, 151, 183. 

f Schulze, J,pr. Chan., 1883, [ii.] 27, 320. 
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'sulphide gas. The sol is deep red, and may be purified 
by dialysis.* 

III. MeiMlk SulvMde Sols ^ 

For sols of platinum sulphide or gold' sulphide, the 
solution of tlie correspond iug chloride is made as neutral 
as possible, and hydrogen sulphide is passed in. In spite 
of the liydrocliloric acid, ftie dark brown sols are fairly 
stable, remaining unchanged for many weeks. A gold 
sol contained O’oo g. AU 2 S 2 in a litre. 

A siher sulphide sol from silver nitrate contained 
0'6 g. Ag 2 S in a litre; a slightly more dilute sol 
remained unchanged for over two months. Dialysis 
increases the stability. 

rV. Barium Sulphate in Aqueous Alcohol^ 

Aim. sulphuric acid solution is diluted with 2 
volumes of alcohol, and there is added an equivalent 
amount of a 1 m. barium acetate solution, which has been 
diluted with 6 volumes of alcohol A transparent gel of 
barium sulphate, which forms a clear sol with a large 
quantity of water, is obtained. If the gel is dried below 
40° C. it will still solate in water. 

C. A Protective Colloid is present 

I. Gelatine {or Sugar) ^ 

A 10 per cent, solution of gelatine, purified from 
electrolytes, is mixed with an equal volume of the solu- 
tions (OT-0'05 n.), which by their interaction will produce 
an insoluble compound. 

* Winssinger, Z.c., p. 200. 

• Kato, Mem. Coll. Sci. Eng. Kyotd, 1909, 2, 187. [Chm. Soc. Joum., 

1910, A. ii., 850.] ^ 

» Lobry de Bruyu, Rec. trav. chim., 1900, 19, 236; Ber., 1902, 35, 

S079. ‘ 
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II. Sulphide Sols with Casein or Oum Arabic ^ 

If hydrogen sulphide gas is passed through a solution 
of silver salt or cadmium salt, to which gum arabio or 
casein have been added, stable sols of the sulphides are 
obtained. 

III. ]\tafs Prolalhic Acid and Li/>ialhic Add Methods^ 

(a) For silver hydroxide sols, see p. ID:]. 

(h) Hydroxides of lli, (Jo, Ni, Fe, Mn ; Ag 2 C 03 , Ag 2 S, 
AgCl, etc., may all be prepared by the action of the 
appropriate sodium salt on the corresponding metallic 
salt of protalbic acid or lysaloic acid, 

IV. Sodium Chloride Sol in Benzene 

5 g. of malonic ester and 0*7 g. of sodium are added 
to 30 c.c. of anliydrous benzene, cooled, and 4 g. of 
chloracctic ester added; and heat is applied till all has 
dissolved. The orange coloured opalescent liqtiid is 
cooled and the gel is precipitated by adding 5-G volumes of 
petroleum ether. It solates completely in benzene, but 
is insoluble if dried in a vacuum. 

The dried substance contained 5(S per cent, of NaCl, 
and 20 per cent, of Na. There is thus excess of sodium, 
and a large amount of (adsorbed) organic substance. 

^ Muller, OesU'rr. Chem. Zeit., 1904, 7, 149. 

* Bcr., 1906, 39, 1436, 2859, 2863 ; ibid., 1908, 41, 61, 68. 
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SOLUTION METHODS 

The process generally known as “ peptisation ” (Graham) 
is a typical example of the solution method. As the 
term gelation has been used to express the transformation 
of sol into gel, solation might appropriately be applied to 
the reverse process. 

Lotterinoscr,^ starting from his observations on the 
formation of snspensoid silver compounds, in which be 
found that excess of one or other ion was necessary for 
tlie production of the sol (p. 110), considers that a 
peptiser (or sol-former) must contain one, or, in some 
cases," either of the ions of the disperse pliase. Thus, 
silver chloride, as a fine precipitate, forms a sol on 
digestion with a solution containing eitlicr Ag’ or Cl'. 
When aluminium hydroxide is peptised with aluminium 
chloride solution, it is because of the Al"', or with 
sodium hydroxide because of the Oil'. Muller ^ showed 
that ferric chloride, thorium nitrate, chromium nitrate 
peptise aluminium hydroxide as well as hydrochloric 
acid docs. 

Equal quantities of aluminium hydroxide (= 1*224 
g. of AUOg) in 250 c.c. of water required for complete 
peptisation — 

‘ Zeitsch. physikal. Ghent., 1908, 62, 359 ; Roll. Zeitsch., 1903, 3, 31. 

* Roll. Zeitsch., 1907, 2 , supplement G-8; Zeitsch. anorg. Ohm., 
i903, 67, Cll. 
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20 c.c. of 0-05 n. HCI. 

1 c.c. of rcCl3 solution (containing 3 per cent, of 
Feo03). _ - 

4 :\) C.C. of Cr(N03)3 .solution (containing 1’45 per cent, 
of Cr203). 

10 c.c. of 111(^03)4 solution (containing 2’55 per cent. 
ofThOo). 

Calculating back to (ir)Cr or (Tr)N()3', the amounts 
required for peptisation were — 

Hydrochloric arid , . . O'OOl HCI 
Ferric chloridci . . . . 0*0012 HCI 
Chromic nitrate .... 0*()02G HNO3 
Tnorium nitrate .... 0*0038 IINO 3 

while the jwnount of aluminium hydroxide peptised 
requires 0 030 HCI or HNOj to form normal salt. 

These rc'sult.s are not nece.ssarily at variance with 
Lottermoser’s theory, for it is quite probable that the 
first action between ferric chloride and aluminium 
hydroxide is the formation of some ferric hydroxide and 
aluminium chloride. Or feriic chloride, like all the above 
salts, is hydrolysed into basic hydroxide and free acid, 
which is thus in a position to act on the aluminium 
hydroxide with production of AT". It is rather curious 
that hydrochloric acid and ferric chloride are apparently 
equally effective in peptising aluminium hydroxide. 

The amount of peptiscr required is not proportional 
to the amount of the precipitate, but depends largely on 
the previous treatment of the precipitate. 

Some motalliS hydroxides are peptised by alkalies ; 
thus Hnntzsch ^ showed that zinc hydroxide and beryllium 
hydroxide form sols when treated with alkalies, and do 
not dissolve in them. Many metallic sulphide precipitates 
are peptised by treatment with hydrogen sulphide. 

' * Zeit^ch, a7torg. CJiem., 1902, 30, 289. 
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' In all these instances, as von Weimarn indicates, we 
have, as peptiser, substances winch are capable of forming 
soluble compounds with the substance which is peptised ; 
e.g. with aluminium hydroxide we have aluminium 
chloride and the aluininates ; with silicic acid, we have 
silicates formed with alkalies, and with acids, a soluble 
curiiplex of unknown comnosition. In the silver salts, 
soluble complex salts arc formed with both silver nitrate 
and the soluble halides. 

The solution theory of Noyes and Nernst must there- 
fore apply to this process, as it does to the crystallisation 
process. The formula is — 

V = ^gS(L-o) 

in wliioh L is the solubility, c the concentration of the 
solution at any given time, and the other symbols have 
the same sigjiificancc as on p. 1()8. [It is the same equa- 
tion, except that L and c arc reversed, in order to apply it 
to the process of solution (increase of c), instead of to 
crystallisation (decrease of c)]. If V is large, the sol 
stage will soon be passed ; V will be small only when D or 
(L ~ c) is small. Substances of high molar weight diffuse 
slowly, and their sol stage is of long duration, as, e.g, 
gelatine. Even if (L — c) is small, the sol stage will not 
be stable, unless 1) is also small, since the larger particles 
will grow rapidly at the expense of the smaller ones. 

The Noyes -Nernst formula, however, only applies when 
the processes are reversible, and when diffusion is slow in 
comparison with the other processes. If then the solid 
undergoes a slow change before passing into solution, or 
if the actual process of solution is much slower than the 
rate of diffusion, the sol stage may be comparatively 
•stable. . Peptisers, as we have seen, are substances which 
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can, if in sufficient concentration (or if sufficient time is 
allowed), dissolve the solid, which is insoluble in the dis 
persion medium. This being so, the velocity of solution 
can be slowed down to any desired extent by simply 
reducing the concentration of the peptiser. AVhen the 
sol stoge is reached, the peptiser may be removed, wholly 
or in pert, by dialysis. 

The method is a very general one. As already 
explained, the crystallisation method indicates how a 
substance may be obtained as a highly disperse precipi- 
tate (gel). By means of a suitable peptiser and dispersion 
medium, this can be converted into a sol. For instance, 
barium sulphate and carbonate ‘aul other insoluble salts 
of the alkaline earths can be pe[)tised by the correspond- 
ing acid (which forms soluble acid salts) in a mixture 
of alcohol and water, in which the disperse phase is 
sufficiently insoluble to prevent subseqmmt decrease in 
dispersity by recrystallisation. Many other examples of 
a similar kind will be found below. 

There is another method of preparation which is 
difficult to place. As the dispersity certainly increases, it 
has this much in common wdth the solution process. 
Svedberg classes it along with peptisation as mechanical- 
chemical dispersion under the heading “ washing-out-’' 
method. Many reactions give rise to an insoluble sub- 
stance which is not obtained as a sol, except with very 
dilute solutions, because it is precipitated by the other 
product, which is an electrolyte (see previous section). In 
some of these instances the insoluble precipitate is con- 
verted into a sol when the excess of this electrolyte is 
removed by washing or dialysis. The phenomenon of a 
precipitate coming through the filter on thorough washing 
is well knewn. 

There are many other reactions also in which a ' 



212 PREPARATION OF COLLOIDS 

siibstunce is produced in a highly disperse state, and only 
'^requires the* removal of electrolytes to pass into tlie sol. 
. Davy,^ e.g., reduced boron oxide with potassium, and found 
that the bofon washed through the filter before tlie potas- 
sium hydroxide was com})letely removed. The same 
happens with silicon and zirconium ( Berzelius), The latter 
also prepared sols of silicic, acid and molybdic acid. The 
silicic acid gel produced by the action of water on silicon 
fluoride passes into a sol on washing with water. ^lolyb- 
deniim tetiachloride is precipitated by ammonia as a 
gelatinous prcci})itate, for it is insoluble in salt solutions; 
when these are washed out, a clear reddish -yellow sol is 
obtained. 

The dispersity of the preeijutate is of grent importance 
in solution methods. Kuhn 2 noticed that silicic acid gel 
formed a sol only if it was dilute and had not lost much 
water. The same difference has been noted between a gel 
of freshly precipitated antimonic oxide (Sb205,bll20), and 
one winch lias been air dried. 

Berzelius 3 also described the solation of sulphides by 
washing sulphide precipitates with water. Many other 
instances could be given, one will sufllco. Platinum 
black, prepared by means of formic acid, often forms a 
stable sol when thoroughly washed. 

Berzelius seems to have been the first to observe the 
solation of a gel in the case of silicic acid. Finely 
divided silicic .acid dis.solves in potassium carbonate solu- 
tion, forming p silicic acid, which dissolves in water. The 
potassium carbonate is not decomposcAl, for no carbon 
dioxide is given eff ; and when it is neutralised with acid, 
the silicic acid does not separate out, proving it to bo 

* Sclnoeigg. J., 1811, 2, 18. 

< J. pr. Chem,, 1853, [i.] 69, 1. 

» Fngg. Ann,, 1824, [ii.] 2, 139. 
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dissolved by the water and not by the alkali. Tlie sol- 
ution of stannic acid, titanic acid, and pmssian blue were 
all known to llcrzelius. 

Then com« (Iraham’s important researches ^ on jieptisa- 
tion(18Gl , 18G4). He prepared aluminium hydroxide, feiric 
hydroxide, and chromic hydroxide sols by digestion ”'ith 
the chlorides, titanic acid by means of hydrochloric acid, 
ferrucyanides of iron and copper by means of oxalic acid 
or oxalates. The sols were purified by dialysis. 

Kcferciice has already been made to A. Muller’s 
researches, as also to the peptisation of sulphides by 
hydrogen sulphide, which was first observed by Spiing.^ 
Kuzel has recently (1907) descrioed an important method 
of peptisation. The substance, usually a metal, as e/j. 
chromium, platinum, is very finely powdered by mechani- 
cal means, and treated with moderately hot dilute solutions 
of different etching reagents. Usually an acid reagent 
is followed by an alkaline one. A detailed example is 
given below, von Weiraarn’s method for insoluble salts of 
alkaline earths has already been given (p. 175). A similar 
method of Ncuberg will be found below. 

I. Boron (silicon, zirconium) ^ 

An oxide of the element is reduced by potassium at 
red heat. The fused mass is treated with water, and the 
precipitate washed with pure water until the filtrate 
begins to run through coloured. Subserpient washing 
■ gives the sol. ^ 

II. Ferric Hydroxide Sol* 

A solution of ferric chloride is satuiutcd with freshly 

1 Phil. Trans., 1861, 151, 183, 

• Ber., 1883, 16, 1142. 

» Davy, Ic., p. 208. 
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precipitated feme hydroxide, or aramonium carbonate is 
added to it so long as the precipitate redissolves. The 
red solution is dialysed after 19 days there were 30‘3 
equivalents of Fe to 1 of HCL 

III. Aluminium Hydroxide^ 

50 c.c. of a solution of aliiminiuin chloride (= 2*45 per 
cent, of AI 2 O 3 ) arc diluted with water and precipitated by 
ammonia, as in gravimetric analysis. The precipitate is 
well washed with hot water, and is then transferred to a 
flask containing 250 c.c. of water. 0 05 n. IICl is added 
from a burette, the solution being heated to boiling. After 
each addition water is added to replace that boiled off. 
The opalescent lupiid can be filtered unchanged. 

IV. Cadmium Sulphide ^ 

An ammonia solution of cadmium sulphate is com- 
pletely precipitated with hydrogen sulphide. Tlie pre- 
cipitate is th 'roughly washed by decantation with water, 
suspended in pure water and a current of hydrogen sul- 
phide passed in. The precipitate becomes milky and 
tinally disappears. Tlie sol is then boiled until no more 
hydrogen sulphide is driven off. 

V. Tungsten® 

10 kg. of tungsten, mechanically powdered as fine as 
possible, are heated for at least 5 hours, better for 24-48 
hours, on a water-bath with 75 kg. of 15 per cent, hydro- 
chloric acid, with vigorous stirring and frequent renewal 
of the acid. The acid is run off, and the metal washed by 
decantation with distilled water until a sol begins to form, 

‘ Miiller, l.c., p. 201. * 

•.Spring, Bull Acad. Boy. Belg., 1887, [iii.] 14, 812. 

• Kuzel, D. E. P„ 186980, 1907. 
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It ia then treated for 5-24 hours witli 75 kg. of 1 per cent, 
potassium cyanide solution. After being washed witlf 
water it is again heated for 24h6urs with 75 kg. of 1 per ■ 
cent, ferrous . sulphate. After complete removal of the 
iron by washing with water, the metal is again heated 
with an alkaline liquid, e.g, a 2 per cent, solution of 
methylamine, or a 0‘5 per cent. 'Solution of sodium liydroxide 
in alcohol. After two or three repetitions of tins treat- 
ment with acid followed by alkali the tungsten foims a 
perfect sol with water. 

By this method sols of chromium, manganese, molyb- 
denum, uranium, tungsten, vanadium, tantalum, titanium 
boron, silicon, thorium, zirconium, platinum, and other 
metals can be obtained. Suitable reagents for the method 
are— aerW ,* organic acids, phenols, salts with acid reaction, 
as ammonium chloride, aluminium chloride; alkaline: 
caustic alkalies, alkaline carbonates, potassium cyanide, 
ammonia, organic bases as pyridine, methylamine. Other 
liquids may be used instead of water, as methyl alcohol, 
ethyl alcohol, glycerol. 

VI. Barium Carbonate in Methyl Alcohol* 

Carbon dioxide passed into a solution of barium oxide 
in methyl alcohol gives a thick gel of barium carbonate. 
If more gas is passed in, the gel dissolves, forming an 
opalescent liquid. On evaporation in a vacuum it leaves 
a clear gel, which re-solates on addition of methyl 
^ alcohol. 

Unclassified Methods 
I. Conversion of one Sol into Another 

One example has already been given in Baal’s prepara- 
tion of silver sol from silver hydroxide sol (p. 193^. 

• » Neuherg, Koll, Zeitsch., 1908, 2 , 321, 854. 
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J5chiieider^ acted on stannic acid sol with hydrogen sulphide, 
vmd so obtained the sulphide sol. Meyer and Lotterinoser * 

• converted silver sol into- silver halide sols by means of 
free halogens, or of salts which readily givQ up halogen. 
Lottermoser also obtained cupric oxide sol from copper sol 
by oxidation in air. As already stated, the sols of base 
metals (as prepared by the .electrical dispersion methods) 
are really oxide or hydroxide sols. 

II. /SV.9 formed hj the solution of Alloys 

(1) Some alloys give rise to a highly disp(‘rse sol, when 
one constituent is insolulde in an acid (nid the others are 
soluble in it. Schneider' made a gold-tin-silver alloy, 
and treated it with nitric acid. A black powder was loft 
which was well washed with water. This residue gave a 
beautiful ruby sol with ammonia. On dialysis, purple of 
Cassius sol was obtained. 

In this case the stannic acid ju’otects the highly dis* 
perse gold ; perhaps the alloy is to be r(igarded as a highly 
disperse gel (cp. ])j). 175 and 180). 

(2) We«lekin'l^ reduced zirconium oxide with mag- 
nesium. A part of the black re<luclion product begins to 
go through the filter when treated with moderately strong 
hydrochloric acid and washed with water. The sol is deep 
blue and opalescent. 

^ Zeitsch. anorg. Chevi., 1894, 5, 80. 

» J.pr. Chevi., 1897, [ii.J 66, 247; ibid , 1893, [li.] 67, 543, 

• Zeilsch, Elektrochevi., 190 >, 9, 030. 
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ELECTRICAL DISrLRSION METHODS 

There are two distinct methods of electrical dispersion, 
kathode dispersion and dispersion in an electric arc 
between two metallic conductors in the dispersion 
medium. The latter, which is by far the more important, 
was discovered by Bredig so kite as 18‘.)8. The former 
[,^res back to the times of Bitter and Davy. 

A tellurium kathode in water witli a platinum anode 
sends out a cloud of brown powder. Using a high 
potential, Davy obtained a purple-red li([uid which spread 
through the water. This has been fully investigated by 
E, Miillcr.^ He found that a rod of pure tellurium as 
kathode, 5 cm. distant from a platinum anode in pure 
water, gives at 200 volts brown clouds, which form a brown 
sol. Selenium and sulphur sols were obtained by partially 
covering a platinum kathode with fused selenium or 
sul[)hur. The sol is formed at the junction of the plat- 
inum and the other element. High voltages are not 
necessary ; sols are formed at even 4 volts. 

Bredig,- who was engaged in an investigation of the 
decomposition of organic substances by the electric arc, 
tried the efrect*of passing an arc between metal wires 
under water. Dark-coloured licpiids resulted ; gold wires 
gave red or violet liquids, which were very similar to 
Zsigmondy’s gold sols. Some metals, ejj. mercury and 

• ^ Zeitsch. Eklctrochem., 1905, 11, 521, 931. 

• Jlid.f 1908, 4 , 51; Anorg. Feimente^ Leipzig, 1901, 
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tin, gave suspensions of low dispersity ; platinum, palla- 
dium, iridium, silver, and cadmium gave metal sols; 
thallium gave a hydroxide sol. Later, it was found that 
many metals give rise to hydroxide sols oply, as zinc, 
iron, aluminium. Metals with high solution pressures 
(> hydrogen) are not likely to yield metal sols in water. 
When Bredig substituted organic liquids as the dispersion 
medium, another difficulty was encountered, the de- 
composition of the liquid with production of carbon, of 
which the sol contained a large amount, c.y. 75 per cent, 
of the solid in a platinum sol was carbon. Burton dis- 
persed several metals (copper, lead, bismuth, tin, iron, 
zinc) in methyl and ethyl alcohol, and platinum, silver, 
gold in ethyl malonate, but all these sols were very 
impure. 

These difiiculties were satisfactorily overcome by 
Svedberg.^ la the first place, in applying Bredig’s 
method to the preparation of organosols, ho found that 
increasing the active surface of the metal was favourable 
to sol formation. Insertion of a condenser in parallel 
with the electrodes was a still further improvement. 
Tliese methods worked with the kathodically softer 
metals, silver, gold, copper, lead, tin, but failed with the 
“hard” metals, e.g. aluminium. Very positive metals, 
as calcium, caused greater decomposition than negative 
metals; the catalyser metals, cobalt, nickel, platinum, 
also gave rise to strong decomposition, while bismuth and 
tin had the least effect in this direction. 

Svedberg gives a list of 28 metal bols in isobutyl 
alcohol, with their colour and relative stability. The 
sols are mostly dark coloured, perhaps because of the 

» Bar., 1905, 38, 8016 ; ihid., 1906, 39, 1705 ; Roll. Zeitsch.i 1907, 1, 229, 
26,7; ibid., 1908, 2, xxix-xliv; Methodm tur Ilerstellung Kolloider 
LGsung^, Bresden, 1909. 
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0 2 — 2 per cent, of carbon which they contain. A 
examples may be given. 


Colour. 


Metal. 

, Transmitted. 

Reflected. 

Stability. 

Ag . . 

. green brown 

1 (lack 

24 hours 

A1 . . 

. brown black 

black 

CO 

Au . . 

. dark violet 

black 

28 hours 

Cd . . 

. brown • 

grey black 

CO 

Or . . 

. brown black 

black 

1-2 weeks 

Cu . . 

. grey black 

blue ])lack 

20 hours 

Pt . . 

. brown black 

black 

CO 

Zn . . 

. brown red 

grey black 

00 

C , . 

. yellow brown 

grey brown 

CO 

P . . 

. colourless 

lb‘sh 

— 

Se * . 

. vermilion 

pale rod 

1-2 days 

Si . . 

. brown yellow 

dark grey 

00 

To . . 

. brown 

black 

a few hours 


Svcdlierg then used oscillatory discliargcs instead of a 
direct cuiTent arc, and with care was able to prepare pure 
metal sols in water and other liquids. By means of it, 
organosols of the alkali and alkaline earth metals have 
been obtained. The best conditions for sol formation 
are — 

Ca])acity . , , . as large as possible 
Self-induction . . as snmll „ 

Ohm’s resistance . „ „ 

Length of spark . „ „ 

Related metals are dispersed to a similar extent; ease 
of dispersion in any series increases with the atomic 
weight. The order is— 

Cu, Ag, Au; Mg, Zn, Gd; 

Al,Th; Ni, Pt. 

• As already mentioned, the amount of decomposition of 
the dispersion medium depends on the nature of the^metftl. 
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Tiie following figures for alcohol sols indicate tho 
superiority of Svedberg’s method. 

Comjmrmn >>f Alcohol Sols prepared, hi/ Brediijs Method 
(Dcf/en), and hij Sredberg. 


rercciitago of Carbon. 

, MrUl. Dogen. bvedherg, 

Bi -i- 0-25 

Cd 15 033 

llr 02 1-4 

rt 73 r2 

A1 — IG 


1 . Gold Sol and Silver Sol by Bredig’s Method 
An ammeter (A), a rheostat (E), which will alTord 
4-12 amperes with ilie voltage (220 ^^) and two electrodes 


+ - 



of pure gold wire, 1 mm. in thickness, and 6-8 cm. in 
length, are connected in series with the lighting circuit. 
The gold wires are pushed through narrow glass '1;ube3 for 
cofiveineni'A in handling. The resistance is adjusted until 
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8-10 ampere? pass with a 1 mm. arc between the wire’s 
under water. The wires are momentarily toiiclied and 
drawn apart. 

A better sol is obtained if a O'OOl n. solution of sodium 
hydroxide is used instead of pure water, but in eitlicr case 
salts should not bo present. So long as the arc passes, 
purple red clouds aro sent out from the wire; if tlie arc 
is extinguished, the wires arc short-circuited again. The 
metal comes from the kathode alone; the anode usually 
gains slightly in weight. 

In this manner Bredig prepared sols of gold, silver, 
platinum, iridium. Silver sol is the easiest to prepare: — 

“Wires of 1 mm. diameter easily disperse in pure 
water, without addition of alkali, with a current of 4-8 amp. 
The dark sol is sometimes red-brown to deo]) olive-green 
in colour ; the dilute sol is yellow. They are very stable.’' 

Cadmium sol could only be prepared with pure water 
and in an oxygen-free atmosphere. 

2. Billiter’s Modification of Bredig’s Method * 

A thin layer of the metal is electrolytically deposited 
on another metal, e.g. lead, copper, nickel, zinc, on iron ; 
iron on zinc ; mercury on zinc or iron; or aluminium foil 
is wrapped round zinc or iron wire. These aro used as 
kathodes in Bredig’s process, the anode is iron or 
aluminium wire. 

All the sols thus obtained aro brown in colour ; most 
of them are oxides or hydroxides. 

3. Svedherg’s First Method 

Small pieces of thin metal foil are suspended in the 
dispersion,medium in a cylindrical vessel. The electrodes 
‘ Ber., 1902 , 85 , 1929 . 
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are wires of “ hard ” metal, e.g. iron or aluminium, and are 
aionnected with the 220 volt circuit. The foil is kept in 
rapid movement, and sparks readily pass from one piece 
to another. • The current is read off on an ammeter, 20-50 
milliarnperes being sufficient. 

If a condenser of 0*32 microfarad capacity is joined 
in pafallel with the clectro/les, the dispersion is quieter 
and there is also loss decomposition of the liquid. 

By this method sols of gold, silver, copper, lead, tin 
can conveniently he obtained in water or organic liquids, 
as alcohol, acetone, ether, chloroform. 

4. Svedberg’s Second Method 



Fig. 14 . 

The secoq,dary terminals of a Iflrge induction coil 
(12-15 cm. spark) are connected with the electrodes, and 
in parallel with a glass condenser of 225 sq. cm. surface. 
The electrodes dip into the liquid contained in a basin, 
at the bottom of which is placed the metal in j^lie form of 
grains or small pieces (Fig. 14) ; the electrodes need not be 
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of the same metal. Dispersion takes place rapidly atiXi 
quietly, and many sols can be prepared in this manner,. 
The contents of the basin may be kept in gentle motion by 
means of one electrode. 

5. Sodium Sol in Ether 

The apparatus consists 'of a 
small flask witli a long neck, and a 
hard glass tube which just fits into 
the neck. A rubber tube slipped 
over the junction makes it gas- 
tight. The lower end of the tube 
is closed up except for one or two 
minute holes, which afford com- 
munication between the tube and 
the flask. Platinum wires are 
stretched on the inside of the tube 
from bottom to top, where they are 
fused in. Dry ether and small 
pieces of sodium, the latter to a 
depth of 0’5-2 cm., are placed in 
the flask. The top of the tube is 
connected with a supply of pure dry 
hydrogen, which is passed through 
the apparatus for 1-5 hours, after 
which the ether is sucked by means 
of a pump into the tube, and the Fm. 15. 

current turned op. 

Tor other metals, as potassium, rubidium, cmsium, a 
low temperature is necessary. The llask is placed in a 
mixture of solid carbon dioxide and acetone, or, better, of 
liquid air pnd alcohol, in a Dewar vessel. The ether must 
he very pure and dry. 




224 


PREPARATION OF COLLOIDS 


Other liquids may be used, e.g. pentane, methane, 
r chloroform/ Isobutyl alcohol is the most generally useful 
. alcohol, as lower ones may give alcoholates, and higher 
ones are dc'composed. 

6. Electrical Dispersion of Ifon-metals (Svedberg) 

Any solid clement or ccfmpoiind which has a moderate 
electric conductivity can be dispersed by tliis method, e.g. 

carbon, silicon, selenium, tel- 
lurium ; and minerals, as 
magnetite, copper sulphide. 

The following is a con- 
venient form of apparatus for 
]K)or conductors : a glass fun- 
nel with a ground edge is 
iitted with a conical vessel 
of aluminium, in which is 
placed the powder and the 
liquid. The funnel is covered 
with a perforated glass plate, 
through whieli an aluminium 
wire is led. The glass funnel 
acts as a convenient insulator ; 
the conical vessel and the 
wire are connected with the 
induction coil, and the wire may also be earthed. The 
powder is dispersed as sparks pass between the electrodes. 

Sols of sulphur, phosphorus, mercuric oxide, copper 
oxide, and prussian blue in isobiityl alcohol were prepared 
with this apparatus. The sols are very dilute, but can be 
concentrated by evaporation# 
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ADSORi^TION 


OlIAPTER XVI 
SUKFACK PHENOMENA 

Some juslilication may seem r^a-'-ssaiy for the departure, 
ia this section, from the priiici[)le adopted in the rest 
of the book, in which the plicnomcna arc described tirsc, 
and tlien tlio various theories and explanations which 
are deemed of .sudicient importance are discussed. Here 
what is to some extent the reverse procedure lias been 
preferred, for the reason that it seemed of the utmost 
importance to have a guide through the mass of facts 
and observations, and because there is, in this case, one 
central idea round which tliesc asccudained facts can 
be ranged, and which therefore effects the necessary 
simplification. 

This essential fact is that there is always a dilTerence 
in concentration at the boundary between two lietero- 
geneous phases, whether tlie iihases be gas, liquid or solid. 
This surface concentration” is the principal factor in 
adsorption, from ^hich all the generalisations may be 
deduced ; the deviations from these laws are duo to 
secondary disturbing factors, which vary from case to 
case; or, in certain instances, the phenomena are not 
really adsorptions, but bear a more or less close general 
resemblance to them. 

(j 
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This being the position, we will in the first place 
ascertain the facts regarding surface concentrations, and 
to do this, we must take into consideration surface 
energy and surface tension. From them we will deduce 
the empirical generalisations regarding adsorption, and 
finally, will consider the other phenomena which are liable 
to Ob cla'-sed as adsorptions. 

Surface Energy and Suiface Tension. — The surface of a 
liquid, i.e. the interface between it and the gas phase, 
whether its own vapour or any other gas, is the seat of a 
form of energy, the surface energy. This energy may be 
regarded as characteristic of the liquid state, just as 
volume energy is of the gas state. Its two factors are 
surface tension and the area of the surface, the former 
being the “ intensity ” factor, and the latter the capacity ” 
factor; the corresponding factors of volume energy are 
pressure and volume. Surface energy is therefore the 
product of the area and the tension — 

surface energy = surface X surface tension. 

It may be well to note here that, contrary to the case 
of gases, whore the energy decreases as the volume 
increases, the surface energy of a liquid increases with 
increase of surface, and that, therefore, the surface of a 
liquid tends to diminish spontaneously, while to extend 
the surface energy must be supplied to the liquid. This,V 
as we shall see later, is of fundamental importance in the' 
consideration of surface concentration and adsorption. 

Owing to the small numerical value of the intensity 
factor, surface energy forms an insignificant fraction of 
the total energy of a liquid, unless the development of the 
surface is extraordinarily great. 

Specific Surface. — The relation of the surface of a system 
« to its volume can be conveniently expressed by the specific 



SKJRFACE PHENOl^ENA 


227 


surface, a conception introduced by Wo. Ostwald. It is< 
obvious that the actual surfaces of equal volumes of a 
substance may vary enormously, from the minimum 
surface of a single spliero to indefinitely liigh values in 
the case of thin sheets, rods or veiy small particles, whctlicr 
drops or powder. 

The specific surface is tl^c surface divided by the 
volume. For a cube with lenglli of side /, the surface is, 
G/2 and the volume is and the si)ecific surhice is 6//, 
from wliich it follows that a C cm. cube lias unit specific 
surface. 

Surface energy is negligibly small, unh'ss the specific 
surface is at least 10,000. 

Surface Tension of Pure Liquids.— For a detailed 
account of surface tension and the methods of measure- 
ment, the larger textbooks of Pliy.sics or of Physical 
Chemistry should bo consulted. All that can be done 
hero is to present those aspects which are of immediate 
importance from our present point of view. The methods 
of measurement fall into two classes, the static and the 
dynamic methods. The former include the rise in a capillary 
tube, the weight of the hanging drop, the adhesion of a disc 
to the surface, and direct measurement of the curvature 
of the surface. The latter include the oscillating jet, tho 
oscillating diop, and the capillary waves methods. As a 
rule all the methods give concordant values in tho case of 
pure li(piids, but not in tho case of solutions, for which 
the static methods do not agree with tho dynamic 
methods, although each class gives practically concordant 
results. 

The numerical values of the surface tension of liquids 
are usually small ; for water, which has a greater surface 
tension thai>mo8t liquids, it is 77 ergs at 0° C. ; i.e. 77 ergs 
are necessary for the production of 1 sq. cm, of water surface. 
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'Below are given the surface tensions of a few typical 
„ liquids. 


Surface Tension, 

I. — Liquids at 20° C. 


Water . 

.... 

73-0 

Formic acid 

. . . 

87T 

Methyl alcohol . . 

28*0 

Acetic „ 


23-5 

Ethyl 

„ . . 

22-0 

Propionic „ 


20-2 

Propyl 

• • 

28*6 

n-Lutyric „ 


26*3 

Isobutyl 

„ . . 

22-5 

Aniline . 


43-8 

Isoamyl 

>> • • 

23*5 

Pyridine 


38-0 

Ether 


16-5 

Nitrobenzene . . . 

41-8 

Acetone . 

• • . • 

23-0 

Penzene 


28-8 




Toluene . 

. . . 

28-2 


IT.— ]\retals. 



Mercury. 

. 15° a 

4:50 

Cadmium 

. 305° C. 

810 

Sodium . 

. 00 ° 

520 

Iron . , 

1200 ° 

1000 

Tin , . 

. 277° 

010 





FIT. 

— Fused Sails. 



KE . . 

. 700° C. 

80 

KNO 3 . 

338° 0. 

no 

KCl . . 

. 700° 

100 

NaNUg . 

. 339° 

106 


IV.- 

-Liquefied liases. 



H 2 . . 

. -252° C 

2 

Clo . . 

-72° C. 

33-6 

Eg . . 

. -100° 

8 

C() . . - 

-190° 

11 

Og . . 

. -188° 

13 

COg . 

4-15-2° 

2 


The Temperature Coffiecient.— Tlio variation of surface 
tension with the temperature is given by the formula — 

O ’! ^ — ‘^0 

from whicli there must be a temperature at which ct = 0 . 
This is most probably the critical point (Frankenheim), at 
which the difference between liquid and gas disappe 5 .r 0 . 
As a ^matter of fact, the critical temperature can be 
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calculated fairly well by dcterminiug the surface tension 
at two temperatures, and extrapolating to ar= 0 . 

It also follows that licpiids which are near their 
critical pointSf e.^, condensed gases, will liave small 
surface tensions, while liquids far removed from their 
critical points, as molten metals and fused salts, will Ji,^ve 
large surface tensions. The v^i,luo of a also depends to 
some extent upon the value of a; for ordinary liquids 
a = 0 001), while it is much larger for substances with 
small CT, as gases, for which a — 0 015, and much 
smaller for those with large a, as metals, for which 
a = 0 OOOd. 

The Molar Surface Energy. -Reference may be made to 
this in passing, as it is of interest and importance. The 
molar surface energy is a colligative j)r()[)crty of liquids, 
and is as general as the gas constant It is for gases. 

The molar surface energy is the product of the molar 
surface and the surface tension. If V is the molar volume 
the molar surface is i)ro])orlional to V^, since the volume 
of a sphere is as the cube of the radius, while its surface 
is as the squ.arc; the molar surface energy is thus 
omitting the numerical factor y 

Edtvds and Ramsay and Shi(dds found that it decreases 
proportionately with rise of tenquwature, becoming zero 
at the critical temperature (see above), and that the 
temperature coetheient is the same for all liquids. If then 
is the molar surface energy at the temperature (, and Wq 
that at 0^ we have — 

~~ 

where B is a constant independent of the nature of the 
liquid. This equation becomes identical in form with 
thcbgas equation if the temperature is counted front the 
critical t(5\nperature as zero, at which a = 0. 
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Expressing tlieso temperatures by D, and llio molar 
surface by w, tbe equation becomes-- 

aa) = V>\) 
analogous to py = llT 

'’The value of 11 is 2*12 in absoluio units. Py means 
of it we can determine tlib molar weiglits of liiiuids, and 
if they arc associated Ihjuids, the deviation in their value 
of 1 j affords a measure of the degree of association. 

Thickness of the Surface Layer. — The tliiehness of tlie 
surface layer can easily be deduced from the fundamental 
consideration of Stefan, that to bring a liquid particle 
into the suiface requires half the work necessary for its 
transformation into vapour. From this the total amount 
of energy which can be imparted to a liipiid in the form 
of surface energy is JW (W being the heiit of vaporisa- 
tion), while the surface tension gives the energy lequired 
to iorm unit suiface. 

In the case of water JW = 2*5 X erg for 1 g., 
and u — 17 erg, from which 1 g. of water can cover 
16 X 10"^ sq. cm=, and the tliickncss of the layer is 
O'G X lO'® cm. 

This also is the limit at which the properties of the 
substance ]>erceptibly dilTer from those of the substance 
in bulk. This will become more apparent if we consider 
the variation of vapour pressure of a liquid with the 
curvature of the surface. 

Vapour Pressure of Curved Surfaces. — Since the effect 
of surface tcn.'jiou is to reduce the surface to a minimum, 
and since the surface of two drops of a liquid is greater 
than that of the united drop, while the volume and mass 
remain the same, the tendency is for a system consisting 
^of an assemblage of drops to unite into a single di^p. 
This may be effected either by coalescence of the' drops by 
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actual contact, or by the transference of vapour from the 
smaller to the larger drops. 

The simplest method of getting at the dilferonce of 
vapour pressure between a curved surface and a plane 
surface of a liquid is as follows ; — 

A capillary tube is placed in the liquid, wlyqh is 
contained in a vessel so lar|Jc tliat the surface in it is 
plane. The height to wliich the liquid will rise is 



a being the surface tension, r the radius of the tube, and d 
the density of the liquid. The vapour pressure at tlie 
curved surface in the tube is equal to the vapour pressure 
at the plane surface, less the hydrostatic pressure of a 
column of the vapour, whose lieight is h. This pressure 
is equal to hD, if D is the absolute density of the 
vapour. Thus 

' The meniscus of the liquid is concave, and dp is negative, 
i.e. the vapour pressure at a concave surface is less than I 
that at a plane surface. Conversely it is greater to the I 
same extent at a convex surface. Thus the smaller the| 
drop the greater its vapour pressure ; consequently small * 
drops will distil isothermally over to the larger ones, 

, The actual ditferences are very small, eg. the vapour 
pressure of a drop of O’OOl mm. radius is about 1 per cent, 
greater than that of the plane surface. 

The Pressure in the Surface Layer — The surface layer 
is under a greater pressure than the bulk of the liquid, 
Giving to the contractile force of the surface tension. It 
can be talculated in the following manner 
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A quantity of tlie liquid under the pressure p is con- 
nected with a spherical drop of the same liquid by means 
• of a capillary tube. In equilibrium the pressure p, which 
tends to increase the size of the drop, is counterbalanced 
by the surface tension which diminishes the surface, and 
consequently the size of tlie drop, i.e. for a small change 
in radius of the drop dr, thjJ work done by the pressure 
2 ')dv is equal to odw, the opposing work done by the 
surface tension, v being the volume of the drop, and w its 
surface. We thus have 

odiv — 2 )dv — 0 

since increase of volume and increase of surface denote 
loss and gain of energy respectively. For the change in 
radius dr, the increase in volume dv is .dr, and the 
increase of surface dw is Srrr . dr. Thus 

a . Snr . dr = p . . dr 

whence V ~ -- 

^ r 

In the case of water, with cr = 77 erg, p = 154/n 
Since atmospheric ju’cssure is about 10^ units, a drop of 
water whose surface pressure is 1 atmosphere will have a 
radius of I’b X 10"^ cm. or a diameter of 0'003 mm. or 
This must bo reflected in the other properties, e.g. 
the density. The compressibility of water is 0-00005 for 
1 atmosphere, hence the density of the above drop will 
bo 0 00005 times greater than that of water in bulk. 
The other properties are changed to *a proportionate 
extent. 

Surface Concentration. — From these and other con- 
siderations, for instance, of the “internal pressure” of 
liquids which is produced by the great differehce in the 
ipleqular forces on the two sides of the interface, and 
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which attains enormous magnitudes, it has been coft-' 
eluded that the sniTace layer is a layer o^ great com- 
pression, a conclusion wliicli has many important 
corollaries. .One illustration must siitllcc. 

If the surface is a layer under great pressure, the 
concentration in the surface of a solution must be different 
from that in the })nlk of the ^jcpiid, or briefly the “ volume 
concentration." For just as unequal temperatures in a 
dilute solution cause an unequal distrihution of the 
solute, a fact experimentally demonstrated by Soret, and 
later theoretically deduced by van’t Hoff, who found 
Soret’s results to be in agreement with the gas law as 
applied to solutions, so from the same law unequal 
pressures at constant temperature must also produce an 
unequal distribution. Only here, owing to the peculiarities 
of hydrostatic pressure, it is not so easy to perform the 
corresponding experiment. The subject will be referred 
to later (p, 254), where the converse view is adopted, that 
the experimentally proved differences between surface 
concentration and volume concentration in solutions are 
taken as proof of the existence of a layer of com[)i’ession 
in the surface. 

It is plain that in a pure liquid too, the surface 
concentration will be greater, if the surface layer is under 
great pressure. 

The Surface Tension of Solutions.— There are thus 
important ditfcrences between the surface tension of pure 
liquids and of solutions, which until recently had not re- 
ceived the attefltion they merit, althougli they were clearly 
indicated in the conclusions reached by Willard Gibbs. 

I As we have already seen, every free liquid surface 
tends to diminish its energy. lu the case of a pure 
.Jiqiiid this can take place in only one way, viz. by the 
|dimiii^ition of the surface (the capacity factor); since the 
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inlensity factor, the surface tension, is a constant. But in 
absolution, it may be effected in this manner, or by 
decrease in the intensity factor, the surface tension. And 
this in general can always occur, for increase in concen- 
tration of the one component will produce an increase of 
Burfaco^tensiou, and of the other component a decrease. A 
solution can therefore always.*decrease its surface tension, 
and its surface energy, by the appropriate change in con- 
centration of the surface layer. In other words, a solution ^ 
can diminish its surface energy, with a fixed area of i 
surface, by an excess of that component which reduces the ! 
surface tension entering the surface layer. 

Thus the composition of the surface layer of a solution 
is different from that of the rest of the solution, the 
“molar fraction” of that component which lowers the 
surface tension being increased. It is desirable, for 
the sake of clearness, to adhere to the use of the term 
“molar fraction” in expressing the composition of a 
solution, thus avoiding the arbitrary and unjustifiable 
distinction between the components, which the terms 
“ solvent ” and “ solute ” imply. If a solution contains 100 
mols of solvent and solute together, of which a mols are 
solute, the molar fractions of solute and solvent are a and 
100 -- a respectively. 

It is clear from the above that the surface may 
contain either an excess or defect of solute. There is an 
important difference between the two cases; the former, 
surface excess, may be very large even in dilute solution, 
but surface defect is necessarily small. 

Static and Dynamic Surface Tensions. — This surface 
concentration manifests itself in many ways, one of the 
most important of which is that since time is rec^uired for 
the necessary readjustment of concentrations when a fresh* 
Builace .is* produced, or an existing one extended, Uie 
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surface tension of solutions is not constant, but varies 
with the time which lias elapsed since the surface was 
produced. In consequence of this, the various methods of 
measuring surface tension usually give diflerent results 
according as they depend on dynamic or static methods 
(p. 227). In the former fresli surfaces are always^ being 
formed, while in the latter, the surface is an old one. 
Tlie dynamic surface tension is nearer that of the solvent, 
while the static surface tension is usually smaller, since a 
solution usually has a smaller surface tension than the 
solvent. The values of the former will not as a rule be 
the real dynamic surface tension, but will lie somewhere 
between it and the static surface tension. 

The latter presents no special difliculty, except in 
certain cases, where the ditference in concentration is 
accompanied or followed by slow chemical changes, as 
with the soaps, where the surface tension may continue to 
change for hours or days. 

The following figures illustrate the difiereiices between 
the dynamic and static surface tensions of some solutions. 

or (Dynamic), a (Static), 


Water . . , . , 

. . 75 

75 

Sodium olcate . . , 

. . 26 

70 

Ileptylic acid . . 

. . 54 

08 


The static values were obtained by the ca])illary tube 
method, and the dynamic values by the oscillating jet 
method, 

» Sodium Sulphate in Water. 

Static (capillary tube). Dynamic (capillary waves). 
t = 10°. t = 16°. 


% 

(T 

% 

(T 

0 

740 

0 

73-3 

4 01 

74-8 

5 

72 8 

5-07 

751 

10 

734 

6-53 

75-6 

15 

72-6 
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SUUFACE CONCENTRATION 

The Surface Concentration Formula. — The eqiiadon con- 
necting the surface concentration and the surface tension 
of the solution was first developed by Willard Gibbs 
(1870-78),^ later by J. J. Thomson (1888 ), 2 and in the 
form given here by Milner (1007).^ 

Consider a solution, the surface and volume of which 
. are capable of independent reversible alteration, the latter 
by means of a semi-permeable membrane, which separates 
it from water. If 5 is the surface, v the volume, a the 
surface tension, and^ the osmotic pressure, the work done 
on the system by increasing s by as at constant v is ads, 
and that done by increasing v by du at constant i- is 
Since the final result is independent of the order in which 
these reversible changes are performed 

ads — ^ 2 ^ -h 

from which ~ 

dv ds 

i e. the surface tension will vary with the volume (and 
therefore with the concentration) only when the osmotic 
pressure depends on the surface. 

* Trans. Connecticut Academy, vol. III., 439. 

* Applications of Dynamics to Physics and Chemistry, p. 190. 
fPhii Afag., 1907, [vi.j 18, 90. 
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Tho surface excess u is derived as follows : u is Ihe 
number of mols in each sq. era. of surface withdrawn from 
the volume, and ineffective on the osmotic pressure. It N 
is the number of mols in the original solution, the volume 
concentration, on which alone a and i) depend, is — 

_ N — vs 

♦ V 


Changing to c as the variable we have — 


and 

from which 


do do dc c do 

dv dc dv V dc 

dp dp dc u dp 

ds dc ds V dc 

do _ 76 dp 

dc c dc 


If the gas law holds, UT; or if not, — till, 
dc dc 

whence 


da 

dc 



c 


or 


c do 
^ ” i\lT dc 


The relation between concentration and surface tension 
is perhaps more easily derived in the following manner,^ 
The surface w of the solution contains 1 mol of the 
solute in virtue of surface concentration, and a is tho 
surface tension. A very small quantity of solute enters 
the surface fi*om the solution and diminishes (7 by 
the corresponding energy is wdo. Now this energy must 
exactly balance tho energy required for tho separation of 
the same quantity of solute from tho solution, i,e, to 

, * Ostwald, Outlines of General Chemistry, 3rd English Edition, 1912, 

p. 499^ 
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overcome the osmotic pressure due to this quantity of 
solute in the solution. If v is the volume which contains 
unit weight, and dp is the difference between the osmotic 
pressures of ^lie solution before and after its removal, the 
energy is vdp. We thus have — 

wd(j -j- vdp — 0 

If the gas law is assumed to apply to these solutions, 
V = ET/p, hence 

U'da — — i\rp 

V 

da ET 

or — _ 

dp wp 

and since p is directly proportional to the concentration, 
the formula gives tlie desired relation between a and c — 

^(T _ _ ET 

dc ~ cw 

As w is tho surface which contains I mol excess of 
solute, u the excess of solute in unit surface is Ijw, which 
gives finally — 

c do 

“ ~ " J;T dc 

It should bo noted that the surface tension concerned 
here is the equilibrium, i.e, the static, surface tension. 

This equatiem shows that if ^ increases with increase 
of concentration, u is negative, i.e. the molar fraction of 
the solute in the surface diminishes, while if a diminishes 
with increase of concentration, u is positive, and the molar 
Traction of solute in the surface increases. Tho same con- 
clusion has already been reached qualitatively (g. 234). 

, Verification of the formula presents serious difficulties,* 
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and so far only qualitative agreement has been attained, 
i.e, the molar fraction changes in the direction indicated 
by tte equation. 

The experimental demonstration of tlie equation, which 
was first derived by W. Gibbs in 1870-78, was long in 
being realised. In 1896 the author, working in Ostwald’s 
laboratory, observed tliat the electric conductivity, of a 
dilute aqueous solution of sodium oleate changed when 
the solution was stirred up with the electrodes, so as to 
produce foam on tlie surhice, and gradually returned to 
its initial value as the bubbles slowly collapsed. This 
could be repeated as often as desired. Attempts to 
separate the foam on a largo scale, in order to prove the 
difference by analytical methods, were unsuccessful. 
Zawidski ^ (1900) effected the analytical proof in the case 
of salts and acetic acid by the simple expedient of adding 
saponin, and analysing the foam carried over by bubbles 
of air. The ditfercnces in concentration were considerable. 
Miss Benson 2 (1903), working with aqueous amyl alcohol, 
which, like soap solutions, does not require extraneous 
substances to produce foam, found the surface concen- 
tration to be 0’0394 n., the original concentration being 
0'0375 n. 

Milner’s ^ results are as follows : — 

Sodium Chloride. — The increase in or is 172 dynes per 
sq. cm. for increase in c of 1 mol per litre, i = 174, 
II z= 8‘32 X erg per degree, T = 290, whence 
u = —4-09 X 10~^^ mol per sq. cm., or 
(]*024 mg. per square metre. 

Acetic Acid.- i = T08, and = -f ^1*3 X 10“^^ mols 
per sq. cm., or 

0‘20 mg. per square metre. 

* Zeitsch. phyaikal. Chem., 1900, 86, 77. 

J. Phys, Chem., 1903, 7, 682, * Loc cif.,*p. 286. 
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Sodium Oleate. — No finite value for -r could bo ob' 

dc 

tained, as the following figures show : — 


Concentration. 


Relative | 
surface 
tension. 

Concentration. 

Relative 

surface 

tension. 

0-02 . . 


. 2 -;i:’>o 

0-00225 . . , 

, . 2-305 

0-066 . . 


. 2-300' 

•0-00206 . . . 

. . 2-240 

0-0082 . . 

■ . 

. 2-275 

water . . , 

. . 6-15 


u was estimated by determining tlie decrease in electric 
conductivity produced by bubbling air throiigli the solu- 
tion and removing the foam. This estimate came to about 
T2 X 10"^^ mol per sip cm., or 

0’4 mg. per srpiare metro. 

Milner observed that tlic static and dynamic surface 
tensions of tiio soap solution W(?re very difrcrent. 

In spite of tliis want of rpiantitative agreement, tlio 
generalisation is one of extreme imporlance in its bearing 
upon adsorption, which is primarily and in tlie main a 
matter of surface exiension, and tlierefore of surface con- 
centration. Before passing on to adsorption it is ac(‘ord- 
ingly necessary to inquire into the surface tension of 
solutions, with especial refeience to tlie variation of surface 
tension with concentration. 

Surface Tension of Solutions; the a, c curve. -Befer- 
ence to tlie table of surface tensions on p. 228 will show 
that, of ordinary liquids, water has the largest surface 
tension, and clearly only a solvent with a comparatively 
large value of a can show much variation of g, at least in 
the direction of diminution. And so it is that, apart from 
other properties of water as a solvent (unless, indeed, these 
are connected in some way with the large value of cr)^ 
water differs markedly from many other solvents in that 



241 


SURFACE CONCEwiRpION 

very large decreases of surface tension- do occur, and that 
most aqueous solutions have a smaller suiface tension 
than water. All the possible varieties of curve between 
two components with diHcrent surface tensions are known, 
but for the present, at least, these variations of type are 
of no particular moment. 

Gibbs pointed out that a s^mall quantity of solulfe ^ay 
cause a large decrease of surface tension, but cannot 
increase it to any great extent (see p. 245). Accordingly, 
the majority of a, c curves lie below the straight line joining 
the values of a of the two components ; further, they 
either pass through a minimum or exhibit a tendency to 
a minimum. Naturally there are instances where tlio cr, c 
curve is the connecting straight line, but this only occurs 
when the two substances are chemically similar and when 
their surface tensions are not far apart. 

Surface Tension of Solutions. — The surface tension of 
iqueous solutions of salts, and especially of inorganic 
salts, is greater than that of water, and increases linearly 
kvith tlio concentration. This is in accordance with the' 
general rule, for the surface tension of salts is undou])tedly 
greater than that of water. Solutions of hydrogen chloride 
ind hydrogen bromide, which as pure li(|ucfied gases have 
unallcr values of a, have sliglifcly smaller surface tensions 
han water. 


Surface Tension of EJcctrohjtcs in 


t = 18'’^: c = 1'5 mol per litre ; o-jj q = 75 3. 


HN 03 , 

. . . 74 2 

KNOo . . 

. . 7G-9 

HCl . 

. . . 74*9 

KCl , . 

. . 77 6 

HgSO, . 

. . . 7G'0 

K 2 CO 3 . . 

. . 79*9 

NaOli . 

, • . 78 3 

NaKOj. . 

. . 77-2 

KOH ? 

. . . 78-0 

NaCl . . 

. . 77-8 

NII^ . 

. . . 72*2 

NHiNOg . 

. .-77*0 
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The following figures show the types of variation of 
surface tension with concentration : — 


Cone. 

Cano Sugar 

HOI 

NaOH 

NaNO, 


(19'^). 

(20^). 

(20“). 

(15'^). 

0 

78 

73 0 

72-8 

73-5 

5 

63 

72*5 

74 6 

75-0 

10 

57 

72-3 

77-3 


15 


72 C 

80-8 


20 


71-4 

85-8 

77*6 

25 

51 

70 7 

90-0 


30 

35 

59 


99-7 

80-8 


Tlie or, c curves are straiglit lines, being exactly ex- 
pressed by — 

<^t>olution — O' water (1 *4" 

Similar behaviour is shown by all kinds of solutes in 
solvents which have a much smaller surface tension than 
the solute, e.g, camphor and benzoic acid in ether or acetone 
give curves which increase linearly with concentration in 
precisely the same manner as salts and water. Salts in 
alcohol also follow the same law. 

There are many substances which exert a very slight 
effect on the surface tension of water in either direction, 
such are salts of fatty acids, of hydroxy acids, and of 
amines : polyhydroxy compounds generally also belong to 
this group. 

The active substances, which, as stated above, are only 
active when the solvent has a large surface tension, are the 
fatty acids, alcohols, amines, esters, and njany other organic 
compounds. In all these cases the surface tension falls 
very rapidly with very small concentrations of solute, 
while comparatively large amounts of water are required 
to increase the surface tension of the othe^ substance. 
This iff in accord with the views already set foUh 
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I ^ i 

regarding the change in molar fraction and change in , 7. 
This is shown in the tables below and in Figs. 17 and 18. 


Acetic Acid in 

i Water. 

1 Ethyl Alcohol 

m Water, 

20^ 


t = 15'^, 

Concentration (%). 

(T 

Concentration (%), 

(T 

0 

75T 

0 

72-2 

lOG 

57-4 

10 

51-2 

20-3 

49-G 

' 20 

40-G 

43-9 

37-1 

30 

34-7 

50-2 

37-0 

40 

31-2 

67-8 

33-6 

50 

29*1 

78*0 

30-3 

GO 

27-7 

87-6 

28-8 

70 

2G*G 

97'5 

2G‘4 

80 

25*4 

99-7 

24*3 

90 

22-1 



100 

22*5 
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V (litres per 
, , mol). 

•Isobiit}! alcoliol. 

Butyric acid. 

rropylamiue. 

1 

26*9!) 

;;3-07 

o 

2 

36-01 

40*82 

52 6 

4 

44*92 

48-87 

59-1 

.8 

53 81 

56*1 

63-6 

]() 

60*03 

^ 62*7 

67 il 

82 

’ 65*76 

67-1 i 

cy-8 

64 

68*7 

69 9 


128 


71-3 1 



oc (water =) 72 95. 



activfetreiiic exam])lcs of tlic diminution of surface tension 
fatty acio-»’e given by soap and nonylic acid ; the surface 
compounds.^02 n. sodium oleatc is 28-5, and of a 0*0008 n. 
very rapidly w, 

while comparatively ures of two substances on tlie surface 
to increase the surfaonears to be additive, ljtf>th in the 
a.'his is in accord witli-ids, * 
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Dynamic Surface Tension of Salt Solutions.— In view of 
the above a, c tables, the dynamic surface tension of sjiR 
solutions presents an interesting problem. As stated above 
(p. 234) tliQ surface tension of a fresh siuface usually 
differs from that of an old sui-face, in which equilibrium 
has liad time to become established. Quincke noticed that 
in salt solutions a changed v.'ith time, the differences being 
fairly large, but these may have been dhe to traces of 
grease. Others liavc observed changes which they attri- 
buted to increase in molar fraction of the water, but in 
one case the change is in the wrong direction, and in the 
other the results sliow very considerable lluetuations. It 
is not surprisiFig tliat IMiliu'r found veiy great differences 
in the surface tensions of fresli and old suifaces in the 
case of sodium oleato (p. 240), 

Magnitude of Surface Excess and Defect. — A small 
quantity of solute may cause a lar-ge diminution of surface 
tension, but not a large increase. If the surface tension 
of a dilute solution is greater than that of water, and 
increases with concentration, the molar fraction of the 
solute ill the surface layer must diminish. Clearly the 
limit is reached when the suribce is pui’C water, ie. vvdien 
the molar fraction of the solute is zero. In the opposite 
case, the molar fraction of the solute must increase, and 
in the limit the whole of the solute will bo present in 
the surface, and may, as shown above, produce extreinoly 
large diminutions of the surface tension. 

The problem may be discussed from a dilferent point 
of view. To reluovc solute from tlio volume of the liquid 
the osmotic pressure must bo overcome, and the corre- 
sponding amount of energy must be supidied. If the sur-, 
face tension (the surface remaining constant) is reduced 
J)y increase of concentration, the addition of this amount 
of solute will set free a corresponding amount df surhtce 
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energy, whicji is thus available for the osmotic work. 

if the surface tension is increased with increase of 
onceutration, the addition will increase the surface 
energy in tlie surface (for constant surface), and both 
operations can continue only if energy is supplied from 
withvi\t. In tlio former case, one process requires energy 
and the other lil)erates itj while in the latter both 
processes require cin'igy. 
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ADSOUITION 

Adsorption, in its most ^enoral sense, implies the unequal 
distribution of a substance at the boundary between two 
heterogeneous phases. At the interface of a solid and a 
gas or vapour, it is usually called gas adsorption, as the 
diilerence in distribution of the solid phase is negligibly 
small, or, in any case, eludes observation. There is pro- 
bably uneven distribution on both sides of the interface 
between liquid and gas phases. The surface concentra- 
tions dealt with in detail in the previous chapter are 
instances of this. Finally, we have tlio case of the 
boundary between solid and liciuid phases, and especially 
of solutions, which comprises the cases most usually 
referred to as adsorptions. 

Here, too, the inequality of concentration is on the 
liquid side of the interface, although the substance 
adsorbed has frequently been regarded as bound to the 
solid. This is because the surface layer in which this 
concentration difference exists is a very thin layer, and is 
the layer whicfi wets the solid, and remains wetting it 
when the rest of the liquid is poured away. 

From the facts given in the previous chapter, it is* 
plain that, since the surface concentration differs from the 
•volume concentration, any considerable extension of sur- 
face iu a fixed volume of solution, such as occuri wbon 
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a* quantity of solution is shaken up with a very fine 
insoluble powder, must produce a very considerable 
change in the volume concimtration. And further, if 
this surface* extension is tlie main factor iij adsorption, 
Liie main features of adsorption should be capable of ju’e- 
liction from the known facts of surbice concentration. 
This ‘is ubat ^\c jnopo.sc to show in the present section. 

The GenerfJ Phenomena of Adsorption. — ( 1 ) The sur- 
face excess in a solution is usually positive (p. 211) ; such 
solutions will give rise to positive adsorption, i,c. when 
they are shaken up with a fine insoluble powder, the 
volume concentiation will diminish. Tliis is what is 
obseivcd. It was a long time before negative adsorption 
was observed at all, while positive adsorptions have been 
known for a very lung time. 

(2) Turther, surface excess may be large even in dilute 
solutions, while surface defeet is necessarily small. This 
also is what is found in adsorption generally. Positive 
adsorption may be very large, almost all tlie solute muy 
be rcaiioved, especially from dilute solution, by shaking it 
up with the adsorbent. Negative adsorption is usually so 
slight that it is difficult to determine it with accuracy. 

it should be borne in mind that the simplest way of 
expressing suiface concentrations is in terms of the molar 
li action, i.e. tlie molar fraction of the component which 
lowers the surface tension increases in the surface, and 
adsorption follows the same rule. Negative adsorption of 
solute is thus really positive adsorption of solvent. This 
is of real importance, for serious errors liUve arisen from 
overlooking the fact that the adsorbent may adsorb either 
,or both of the components. 

( 3 ) The adsorption should be proportional to the 
actual extension of surface ; if an adsorbent is df approxi-* 
mately^ uniform size, the same weight of adsorbe&t will 
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effect tlie same amount of adsorption. Tiiat is, tLe 
adsorption for any substance is a function of its speciljc 
surface. The bind of uuiforuiity attained by sieving is ■ 
not sufficicyt, for all efficicMt adsorbents possess in 
addition an enormous surface, due to porosity, 

(4) It follows from this, too, that adsorption is an 
equilibrium, i.e, that if a ^iven volume of solution of 
known concentration is shaken up with A given weight 
of aceitaiu adsorbent until equilibrium is attained, and 
the solution is then diluted by addition of a known 
volume of solvent, the amount adsoibed is also reduced, 
until it is the same as would have been adsorbed directly 
fioin a solidion of the same concentration by the same 
weight (4 adsorbent. This has been fully estiiblished by 
Ostwald, Schmidt, and by Freundlich; e.g, 1 g. of charcoal 
shaken up with 100 cc. of a 0 0088 m, solution of acetic 
acid for 20 hours gave a final volume concentration of 
O’OGOTS 111., while 1 g. shaken up for the same time with 
50 c.c. of a 0 1870 m. acetic acid, to which 50 c.c. of 
water were then added, and shaken up again for 3 hours, 
gave a final concentration of 0 0(5004 m. 

(5) TJie specific surface of an adsorbent is not known, 
and as pointed out above, cannot be estimated from the 
average size of the particles. It is clear, however, that the 
same extension of surface ought to produce the same amount 
of adsorption in any given solution, independent of the 
nature of the adsorbent, but not independent of the nature 
of the solution. The amounts adsorbed by equal weights 
of two dilfereift adsorbents (or two different samples of 
the same substance), from equal volumes of tlie same 
solution, will thus be in the ratio of their specific surfaces^ 
The method may bo looked upon as one for fixing the 
•relative sfiecific surfaces of solids. 

This deduction is fully borne out by the experjmental 
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data. It is a well-established empirical rule that the 
.Qvder of efTiciency of adsorbents is comparatively 
independent of the nature of the adsorbed substance and 
of the solveht, and is not obviously related tathe chemical 
nature of the adsorbent. 

The adsorption equation is — 

X L 

— = acn 
m 

X is the weight of substance adsorbed by m the weight 
of adsorbent. 

c is the volume concentration after adsorption is complete. 

a and - are constants. 
n 

The ?atio of the values of a for two adsorbents and 
different solutions ought, according to the above, to bo 
a constant. This is the case, e.g . — 


a charcoal 
a wool 

Crystal violet. 

8-2 

Patent bine. 

99 

New fuchsin. 

a charcoal 
a silk 

21-1 

2G-9 

2:b2 

a charcoal 
a cotton 

ir>6 

155 



Further confirmation is afforded by Walker and Apple- 
yard’s results for the adsorption of picric acid from water 
and alcohol solutions by charcoal and silk. 

0 01 n. picric acid in 
Water. Alcohol, 

- charcoal 


-silk 


7*3 


6’2 
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(6) The adsorption should depend largely on th‘6 
solvent : the smaller the a of the solvent, the smaller the 
decrease of a in the solution. Adsorption must therefore 
be stronger in aqueous solutions than in alcohol. Thus 
we have the following empirical rules, all of which are 
simple deductions from the theory. 

(a) A solvent in which ^)ther solutes are strongly 
adsorbed, is itself feebly adsorbed when* dissolved in 
other solvents : its a is large and so it gives rise to small 
positive or negative adsorption in solutions of liquids 
with smaller cr (p. 242). 

(h) Substances which arc strongly adsorbed from 
solutions are themselves solvents in which adsorption is 
feeble. This and the preceding rule are contained in the 
statement that the molar fraction of that component 
which lowers the surface tension of the solution is increased 
in the surface layer, whether that component bo present 
as solvent or solute (p. 231). 

(c) Inorganic salts, acids and bases, polyhydroxy 
organic compounds, etc., arc feebly adsorbed from water ; 
the adsorption is usually positive, but may bo negative. 

'' ' (d) Most organic substances, organic acids and bases, 
especially aromatic compounds, dyes, etc., are adsorbed 
either moderately strongly, or to a very marked degree. 

{e) Adsorption from solutions in alcohol or other 
organic solvents is usually small. The amounts adsorbed, 
xjm, from solutions of picric acid in water, alcohol and 
benzene were— 


x/m 

Water 1 31 millimol 

Alcohol 0-77 „ 

Benzene 0 49 „ 


# (/) A* substance adsorbed from a solution is very 

difficult to remove from the adsorbent by washing w^lh 



252 


ADSORPTiON 


t^he solvent. But it can be readily extracted with a 
^s^olvent of smaller surface tension. For instance, the 
‘ platinum black on electrodes of conductivity vessels 
strongly adsorbs picric acid (and also otlier acids) from 
dilute aqueous solution, and it is practically impossible 
to remove it completely by even prolonged soaking in 
water,* If the electrodes ait placed in alcobol, the liquid 
soon becomes* bright yellow from the presence of picric 
acid. 

This behaviour is frequently made use of in technical 
chemistry. Many organic bases (alkaloids) are strongly 
adsorbed from aqueous solution by animal charcoal, and 
can be recovered from it by extraction with alcohol or 
other organic liquid, whoso a is sulliciently small. 

The Adsorption Isothermal. — It might seem to be the 
sinq)lest method of approaching adsorption to consider it 
as a special case of the general Partition law or Distribu- 
tion law of Nernst, of which Henry’s law of the solubility of 
gases is also a special, though simple, case. 

The Distribution law as frequently formulated is 

<•2 

which expresses that if a substance is shaken up with two 
immiscible liquids in each of which it is soluble, the ratio 
of its concentrations in the two layers is a constant, inde- 
pendent alike of the total amount of solute and of the 
relative quantities of the two liquids. In this form the 
equilibrium only holds for substances whgse molar weight 
is the same in the two liiiuids. If it is associated in the 
one and not in the other, or if it is associated in both but 
’ to different degrees, the formula becomes 
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where n is the association factor, ana is ooviously a simply; 
integer. The two following tables illustrate the two 
equations. 


Succinic Acid in Ether and Wafer, 


f, 

r. 

eje, 

0 021 

0 0040 

5-2 

0 070 

0-0 1:1 

5'2 

0121 

0(f22 

5-4 


Benzoic Acid in lEaUr and Benzene. 


Cl 

(c = g. iu 

Cn 

10 c c.) 

Ci/V, 

C,/\^C2 

0-0150 

0 242 

0-002 

0 0205 

0 0105 

0 412 

0-0-18 

0 02)0 1 

0 02S0 

0-070 

0-020 

0*0202 

The adsorption equation is 

of the same form as this 


Cl . X L 

- ^ or - am 

cA m 

but cliriei'S from it in the values of n. Ifere it may vary 
within fairly wide limits, but is always greater than 1, 
\jn being between OT and 0 5. The adsorption of 
nrsenious acid by freshly ])rccipitated fenic hydroxide is 
expressed by the equation ^ 

^ = 0’c:n 

]f and X ])eing respectively the amounts of acid adsorbed 
iiid remaining in the solution — 


y 

X (obs ). X («alc ). 

0*251 

0*010 

0*010 

0*415 

0*107 

0*122 

0*549 

0*405 

0*408 

0*015 

0*952 

0*881 

0*712 

1*808 

T82G 

0*824 

3*875 

3*740 


‘ Biltz, Ber., 1904, 37, 3138. 
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f g 

To explain this as a case of partition of solute, would 
imply that the arsenious acid in ferric hydroxide gel has 
6ne-fifth the molar weight it has in water. But it is 
normal in the latter, and there is no chemical justification 
for supposing it to be dissociated in such a nlanner. 

The following may be taken as typical examples of 
adsa^ption from solution. 

(a) Acetif Acid in Water hy Charcoal at 25° C. 


Concentration. 

m 

0*018 

0-4G7 

0031 

0-(124 

0*0016 

0-<S()l 

0*120 

1-11 

0 208 

l-r>5 

0*471 

2-01 

0*882 

2-48 

2*79 

3-70 

(b) Benzoic Acid in Benzene hy Charcoal at 25° 0 

Concentration. 

X 

m 

0*0002 

0*437 

0*025 

0*78 

0*053 

1*04 

0'n8 

1*44 

The corresponding ciu’ves 

arc given in Fig, 19. As 


already explained (p. 103), the best test of the validity of 
the adsorption law is to plot the logs of the concentrations 
against the logs of xjm ; if the law holds, these curves are 
straight lines. The lower part of Pig. 19 shows that this 
is the case in both the above examples. Similar curves 
for the adsorptions of carbon dioxide by charcoal are given 
. in Fig. 20. 

Lagergren’s Theory of Adsorption. — Starting from the 
idea of the surface layer being a layer of comoressioif- 
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Lagergren applied the le Chatelier tlfeoreni to adsorption, 
and deduced that the surface concentration woi]ld be greater 



-15 -t -05 0 ^05' 


• Log c 

Fia. 19, 

Adsorption by Charcoal from Solutions, 

or less than the volume concentration according as the 
fclisnge in concentration of the solution is accan)pani(jd 
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by increase or decrease of density, which would give rise 
to positive and negative adsorption respectively. 

Now this is a perfectly correct deduction, although it 
was adversely critici-’CMl by Ostwald on the ground that 
the theorem did not a])ply to a dilute solution, hut only to 
the soliihility, i.c. to the equilibrium between the saturated 
solutden and the solid phase. Rut just as a uniform dilute 
solution which is unerpially heated becomes imerpially 
distributed until the osmotic pn'ssure of the more dilute 
part, at the higher temperature, is the same as the osmotic 
])rcssure of the more concentrated part at the lower tem- 
perature, so, too, with une([ual ])ressure at constant tem- 
perature. Solute or solvent will enter the layer umh'i* 
pressure according as the one or the other causes an 
increase in density (p. 232). 

Lagergrcn had previously measured tlie adsorption of 
salt solutions by various (\dsoi bents, and had found that 
some of them were negatively adsorlMnl, sodium chloiido 
being one of those which are so. The total ellect is very 
slight, but there is no doubt that it exists. Rut sodium 
chloride does not appear to he a substance which accord- 
ing to the theory ought to he negatively adsorbed, though 
both ammonium chloride and bromide ought to be nega- 
tively adsorbed, and were found to be so. 

There can be no doubt, however, as to the relation 
between the compression and uneven distribution, so that, 
since the latter has been experimentally demonstrated 
beyond question, it may be concluded that the surface 
layer is in a state of compression, as Lagergren had assumed 
on other grounds. 

Pseudo-adsorption Phenomena. — Tt cannot be over-em- 
phasised that true adsorption is an equilibrium, which 
can be approached from cither side, and is therefore 
reversibb. There are many phenomena which af6 
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superficially similar to adsorption, but whicli are really very 
din’ereut in character, and ought not to be classed along with 
adsorption. They are not equilibria, and are irreversible. 
Some of tliern may b(* adsorptions at the beginning, but 
secondary changes, which are not reversible, supervene. 

To take an oxtrcmi! case first, by way of illustration ; 
charcoal, as is well known, adsorbs many substance^} from 
aqueous solution, and among them many yietallic salts. 
Some salts of heavy metals are so completely removed 
from solution by it that not a trace of the metal can be 
detected in the liquid, which ])CComea strongly acid; but 
what has been taken out by the charcoal cannot be re- 
moved from it by washing with water, (dearly, the salt 
has been decomposed, the metallic ion has actually been 
deposited as metal (or in some cases hydroxid(i, owing to 
interaction with wat(U’) on the charcoal. The first action 
may be adsorption, especially as salts of heavy metals 
are powerful prccipitants of sola, and are thus probably 
strongly adsorbable, but the final state cannot be put 
down to adsorption. 

The formation of metal from metal ion need not even 
bo as(;rib('d to cliemical action, whether of llie charcoal or 
of the adsorbed gases, for charcoal, which is highly porous, 
is negatively cliargcd in contact with water, wliile the 
water is poMtively electrified. At each capillary tube 
(pore), therefore, the water in tlie lul)e will be positive, 
and the charcoal at the entrance to the tube will be 
negatively electrified. A metal ion, M’, which tries to 
diffuse into the tube may have its electric charge neutra- 
lised by the negative charge on the charcoal, and be de- 
posited there as metal. This is, at least, the only probable 
explanation of the deposition of metal from solutions in 
very line ciraedvs in glass apparatus, where chemical action 
seems 4,uite out of the question. 
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A similar explanation holds in many of the phenomena 
commonly classed as adsorptions. Tims a positive sol, 
dyestuff, or other substance, will bo easily precipitated in 
the pores of wet filler ])aper; for the paper will be nega- 
tive, and the water j)ositive, and the positiv'e sol will be 
preciphnted as electrically neutral particles, and will be 
held, Inhere so firmly that it cannot be washed out by 
water. A great many of the sc])arati()ns of dyes by tlie 
capillary action of filter paper ((joppelsroder and others) 
depend on this same fact. A positive dye will bo pre- 
cipitated on the paper, while a negative one will not, and 
can therefore diffuse or H])read out over the paper. 

It seems not unlikidy that some of the cxcoi)tionally 
lioworful adsorption (3lfects of gels which are acids or 
bases, are to be put down to the same cause. The basic 
gels are positively charged, and will cause precipitation 
on their surface of negative sols, while acids are negatively 
charged. Adsorption is frequently very strong with these 
adsorbents, and it is well known that with them, the ad- 
sorption of salts is usually accompanied by decomposition, 
one ion being held, while the other remains in solution ; 
usually water enters into the reaction. For example, 
silicic acid sol shaken up with potassium carbonate 
adsorbs alkali, and an equivalent quantity of potassium 
hydrogen carbonate remains in solution. Similarly, 
manganese peroxide decomposes potassium sulphate, ad- 
sorbing K’, and leaving free sulphuric acid. 

Adsorption of Gasks ♦ 

Concentration differences at the interface are not con- 
fined to solids and liquids, but occur also at all other 
interfaces. The surface tension of mercury varies with 
the gas ip contact with it, tv/. — 
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eras. 

t ' 

(T (flynamio] 

Vacuum .... 

. Hr 

481; 

Hydrogen . . 

. 21° 

•470 

Oxygen 

. 2.r 

478 

Nitrogen .... 

. 10 ° 

489 

Carbon dioxide . . 

. 19° 

480 

Air (dry) .... 

. 17° 

470 

„ (moist) .... 

. 17° 

481 

• 


With a solid and a [(as there is no siiqJi perceptible 
difference in the solid, but tliere is in the concentration of 
the gas. 

The same equation applies here as in li<[uids - 


71 




oidv p, the pressure, (ak(‘.s the place of c, tlie concentration. 
The value of ^ for any temperature is practically inde- 
pendent of the nature of the gas and of tlie adsorbent ; 
thus a bec(jmes a characteristic of tlie gas. It runs 
roughly parallel witli tlie com]trcssibility or tlie ease of 
condensation of the gas. The properties of the gas seem 
to have much more influence on the amount of adsorption 
than the nature of the adsorbent. The order of different 
adsorbents is generally the same, whatever the gas may 
be, the agreement being more or less quantitative. 

The adsorption of mixtures shows that one gas can 
turn out another, a further })roof that adsorptions are 
equilibria. A quantity of charcoal adsorbed 284 c.c. of 
carbon dioxide ^nd 24 c.c. of hydrogen from a mixture 
of carbon dioxide and hydrogen. The same quantity of 
charcoal was first saturated with liydrogen, and was then 
placed in a mixtuie of hydrogen and ciirbon dioxide, when * 
it finally contained 208 c.c. of carbon dioxide, and 27 c.c. 
of hydrogen. 
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Adsorption of Carbon Dioxide dy Charcoal. 


Oxygen is more strongly adsorbed than nitrogen. 
Accordingly tliere is a greater concentration* of oxygej^ 
OIL a surface than in air. This is probably the explanation 
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of tlio increased oxidation so frequent at surfn^cs Dewar ' 
found the air adsorbed by charcoal at —190° to contaij) 
over 50 per cent, of oxygen. 

Temperature and Adsorption. — The adsorption iso- 
thermal applies at all tenqieratuies down to —78° in the 
case of charcoal and carbon dioxide, as was sliown by 
Travers^ (Fig. 20). Tlie qiiainity adsorbed decixiases as tlio 


temperature rises; a 
has the greater oJ'leet 

also changes 

, but the bhaiigc 

t 

a 

I 

n 

-78 

1 1 29 

0133 

0 

2 90 

0*333 

Ilf) 

l- 2 :;o 

0*461 

01 

0'721 

0*479 

100 

()'82l 

0'518 


As tlic adsorption di'croasi's witli ri.se of temperature, 
heat must be evolved during adsor])tiou. This is in agree- 
ment witli the results of Dewar’s observations; the heats 
evolved wlimi 1 c.c. of charcoal adsorbed all it could 
W(!re — 



(0° and 7(iO mm.) 

1. por c.c. 


per c.c. of cliarcoul oi 

0° -IS.O" 

( liarcoul. 

Hydrogen . 

. 4 C.C. D’.f) c.c. 

9-3 

Helium 

. 2 15 

2*0 

Nitrogen . 

. 15 155 

25-5 

Oxyg('ii . 

. 18 230 

34*0 


The velocity of adsorption is extremely rapid, over 90 
per cent, of M total adsorption taking place in a few 
seconds. With charcoal and carbon dioxide at —78°, the 
manometer is steady in a few minutes (Travers). In 
some cases slew chemical actions occur, when the pressure 


• Froc. Boy. Soc., 1904, 74, 126. 

* Ibid., 1906, 78. A. 9. 
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may continue changing for months, as with oxygen and 
♦charcoal (oxidation). Carbon dioxide appears to act 
slowly on glass, causing a similar slow change. 

Dewar’s^ application of adsorption to produce high 
vacua depends on the facts that adsorption is much greater 
at lowf pressures than at Iiigh, and tliat it also increases 
at low temperatures. If, then, a (piantity of gas at small 
pressure is exposed to cliarcoal at very low temperatures 
practically the whole of the gas will be adsorbed. 

Adsorption at Liquid Interfaces. — The methods of de- 
termining the surface tension applicable to the surface 
between two liquids arc the oscillating jet, surface waves, 
curvature of surface, size of large flat drops, capillary rise, 
adhesion discs, weight of droj), and pressure of drop. As 
is to be expected, thei’e are frequently large differences 
between the dynamic and static surface tensions. The 
changes in surface tension produced by different liquids 
are often very considerable. 

Surface Tcnaiou at Jjujuui Interfaces. 


t. Mclihod. a (static). 


Mejcury- water . ♦ , 

20^ 

flat drop . . . 

870 

-benzene . . 

20° 

l)rcs.sure of drop 

342 

Watei’-parafTin oil . , 

JG° 

weight of drop 

48 

-benzene . . . 

20° 

32*6 

-ether .... 

20° 


0-7 

-i.sobutyl alcohol 
Methyl alcohol-carbon 

1S° 

}} • 

1-76 

disulphide 

18° 


0'82 


It is plain that the mutual solubility of the liquids 
has a marked influence here, as might be predicted, for 
when two liquids become completely miscible at the 
critical solution point, the interface and thiarefore the 
surface tension disappear. The values are also influenediJ 
* Loc cit.f p. 2(jl. 
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to a marked exteul by the addition of acids and alkalies, 
and still more by substances like soap. 

Lewis ^ investigated the adsorption of sodium glyco- 
chollate and methyl orange in water-parafliu oil, having 
shown that these substances greatly lower the surface 
tension, e.g , — 


Sodium Glycorhollate in Water-ydrolmm. 


Concentration. 

a 

Coucontration. 

(T. 

0 

33*6 

0-00357 

22-0 

0-0000:i57 

32-2 

0-00G43 

lG-8 

0-000357 

28-1 

0-0118 

12-G 

There was i 

i decrease in 

volume concentration, i. 


surface excess of solute., which is in accord with theory, 
but no quantitative agreement was found, as direct deter- 
mination gave 7 // = 1 7 X l()"^g, while the calculated 
value is 7A = 5-5 X 10 g., and similar discrepancies were 
shown by methyl orange. 

The Distribution of a Sol between Two Liquids. — A 
knowledge of what takes ])laco wlam a sol is shaken up 
with a liquid which is not miscible with iho. dispersion 
medium, is obviously of great impurtauce in many direc- 
tions; to mention one only, the connexion between 
adsorption and dyeing. It was certainly not justifiable 
to treat the removal of the dispcise phase from a sol by 
contact with a solid surface as an adsorption, comparable 
with the removal of solute from a solution at such a 
surface. The distribution (»f a disperse pliase, whether 
suspeusoid or^emulsoid, between two dispersion media 
may be regarded as an extension of adsorption. The 
question lias recently been attacked by Iteiuders,^ who 
‘ Phil. ]t% , 1908 [vi.], 16, 500. 

« Roll, l^citsch., 1913, 18, 235; aeo also Hofmann, Zert'^ch. phyaikal. 

•Chem., 1913, 83, 3o4. 
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wfts probably led to it by his inveBtigatioiis into the 
nature of dyeing (p. 285 ). 

The possibilities depend upon whether the disperse 
phase is liquid or solid. If the former, it may leave the 
original dispersion medium without entciing tlie other 
liquid, forming a separate layer between the other two. 
This Will happen if the siirhip{! tension at one interface is 
greater than tjie sum of the other two. But if no one of 
the surface tensions at the interface between the pairs of 
liquids is greater than the sum of the other two, the three 
liquids will meet at a common angle. But if one t)hase 
is solid, it cannot spread out as an intei’cepting layer, and 
will collect at the liquid interfa(!e as solid jiarticles. 

Considerations of the kind employed to solve the 
problem of liquids wetting solids in contact with air,^ 
lead to the following conclusions. If a sol (disperse 
phase 3 in liquid 1 ) is shaken up with an immiscible 
liquid 2 , one of three equilibria wdll be estalilished 

{a) If 02,3 ^ ^12 +<^1,3. the sol wnll remain un- 

changed. 

{h) if 01.3 ^ 2 + 0-2, 3, the second liquid will com- 

])letely remove the disperse phase from the original sol.^ 

(o) If oi2 02,3 Jio one o is greater than 

the other tw'O together, the disperse phase wdll collect at 
the interface betwTcn the two liquids. 

These conclusions have been verified by Beinders, both 
in the case of suspensions and of sols. With the latter 

’ Cp. Freundlioh, KapiUat chcviie, iy09, p. 137. 

* This case corresitonds to the “ wetting” ol a solid by a liquid. If 

the liquid will .spread over tho surface of the solid until there is no 
direct contact between the solid and the gas. The interface between 
solid and gas will disappear in favour of the solid-liquid interface 
and tho licjuid-gas interface, since the free energy of the former iso 
groJU'r than the sum of the other two. 
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any of the three can liappen, provided the dispersity is 
low, but if the dispersity is high, a sol Ynay exhibit 
anomalies, one part behaving in one way, and the rest In 
one of the others. In addition, enuil.soid sc^s may form 
a separate layer between tlie others, A few illustrations 
will suirice. 

In gold hydrosols isobut;^! alcohol produced n© effect 
until the separate layer was formed, wjien the gold 
separated out at the intiadace in a thin layer. The colour 
by transmitted light was violot-bluo to blue-green, and by 
rellected light a brilliant gold. The layt'r creeps up 
between the alcohol and the glass, causing the alcohol to 
appear coloured, althongli it is not so. Amyl alcohol, 
benzene, benzine, ether, carbon disulphide, and carbon 
tetratddoride behave similarly. 

A gold sol ill amyl alcohol (produced by reduction of 
auric chloride in amyl alcoliol with phosphorus), which 
was yellow-brown in colour and ve-ry stable, was shaken 
up with water. No gold entered the water layer, but 
violet-red gold separated out at the interrace and on the 
glass. Ether sols were pre[>ai(‘<l m the same manner, but 
were not stable; when shaken up with water, all the gold 
left the ether, forming a yellow-red sol in the water, and 
a slight brown precipitate at the inteilace. A freshly 
prepared hydrosol (from gold chloride and phosphorus in 
edher) which was brown-red in colour, was (jiUito indif- 
ferent to ether, no separation occurring at the interface. 

The effect of gum arabic as a “ protecting" colloid was 
as follows : — ^ 

Gold sol -f gum arabic. 

Slid llquiil. No gum. 0-001 poi cent. 0 Oor. per cent 

isobutyl blueatiuter- blue at intoi face, blue at interface, very 

alcohol face, slow, some red slow, most of the 

sol in tbo water. gold red in the 

water. ^ 

blue at inter* red, all lu the red, ail in t^o water. 


ether 



As was to bp expected, the protection of the- gUnilirpM 
^^Yhich is hydro'phile, hinders the transference of the (H 
perse phase (hydrophobe) into the alcohol or ether i 
which the ^am is itself lyophobe. 

Of other sols which were examined, ferric hydrosdQ 
hydrosol was unaffected by any of the other liquids, an 
arseniotts sulphide hydrosol was completely separated ou 
at the interface with isobutyl alcohol and amyl alcohol 
and was not changed by the others. 

Frequently part of an apparently uniform sol wotil 
remain in one liquid (usually the original dispersion 
medium) while the rest was precipitated at the interface 
The separation of the disperse phase at the interfac 
appears to be an exceedingly common occurrence, am 
forms a good criterion for sols ; for example, alkali blue 
the blue acid of congo red, the acid of erythrosin, all go ti 
the interface when the hydrosols are shaken up wit] 
carbon tetrachloride. 

Analogous phenomena must often occur at interface! 
between solids and liquids, e.g. gold sol when shaken u] 
with charcoal, barium sulphate, aluminium hydroxide 
fibres, and. particularly colloid dyes on fibres, Thej 
commonly pass under the name of adsorptions, but * 
more suitable name would be adhesions. As with increasing 
dispersity there is a continuous change from sols to solm 
tibns, there is no abrupt division between adhesions anc 
adsorptions. 



PART IV 

APPLICATIONS OF COLLOID 
CHEMISTRY 

CHAPTER XIX 

SEMI-C0LL01D6 

There is an extensive series of substances which are 
intermediate in properties between emulsoid sols and 
solutions (the emulsidw and solutides of von Weimarn^s 
nomenclature). In accordance with this position, their 
[jharaoter is indefinite, as they exhibit some of the pron 
perties of each, and so far as is known, there is no clue as 
to which class' they belong in respect of any given 
property. Naturally, the first idea is to look for some 
connexion between the molar weight of the substance and 
its general behaviour, but this at once fails, for substances 
of practically the same molar weight, and not widely 
different composition, are frequently to be found in different 
classes, as a glance at the table on p. 274 will show. 

^ Among the important classes of substances which 
into this category are some of the highest impor* 
pice .in technical science, as casein, the soaps, dyes and 
^pfirng matters, tannins, degradation products 

^^:Wl|ife.!^bumin is a genuine emulsoid, the product^; ql 
(NaOSl dh iti Paal's prptall^^^ 
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aztd lysalbic acid (p. 132) are semi-colloids, e.g, the latter, 
which is solufile, diffuses in water and through parchment 
• ^per ; the molar weight, deduced from the freezing point, 
is 700-800. • But the solutions are opalescent„and syrupy 
when concentrated. Further, they are strongly “ protec- 
tive,” as their use in Paal’s method of preparation testifies. 
Peptones, on the other hand, do not “ protect,” but diffuse 
slowly ; their ^uolar weight, determined by the freezing 
point method, is about 500-1000. They are usually 
regarded as amphoteric electrolytes.' 

The electrical behaviour of semi-colloids is of consider- 
able interest, for many of them are fairly good electrolytes, 
even when osmotically they are remarkably inert; this 
aspect of the question has been but little studied. 

Owing to the individual peculiarities of the semi- 
, colloids, it is impracticable to give a systematic account of 
them. A brief description of some technically important 
ones is all that is attempted. 

Casein. — Casein is insoluble in water, but is essentially^ 
acid, as is shown by the reddening produced by pressing 
moist casein on to blue litmus paper. It dissolves in 
alkaline solutions, which might be attributed to solation 
by peptisation; it appears, however, to combine with a 
definite amount of alkali irrespective of the concentra- 
tion (1 g. casein requires 0*88 millimol of NaOH). The 
resulting solution is opalescent, which is usually put down 
to hydrolysis, casein being reformed. The addition of 
aoids to the alkaline solution produces turbidity, casein 
being precipitated, while excess of alkali^ removes the 
opalescence. 

, , From the electric conductivity, t.e. by the applica- 
tion of Ostwald’s rule for determining the basicity of an 
acid from the variation of the equivalent conductivity (jt) 

^ Neuniaun. 
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of the sodium salt with the dilution (v), Sackur concludes 
that casein is a tetrabasio acid, which, together with the 
above equivalence with sodium hydroxide, gives a molar • 
weight of about 5000.* It does not diffuse through 
parchment paper, though a substance with this molar 
weight should diffuse to a measurable extent (p. 36), and 
should also exert a considerf^ble osmotic pressure. ♦ * 

Soaps. — The soaps constitute a highly complicated 
chapter in chemistry. From the present point of view, 
their interest centres in the fact that they are representa- 
tive of a class of substances which 

(1) Are themselves probably non-colloid, but may 
undergo changes in certain liquids, giving rise to colloids, 
and hence have been termed col loidogen s ; 

(2) Exhibit very different ISbhavionr at low and high 
concentrations ; 

(3) Are known as electrolyte colloids, for the reason 
that, while the aqueous solutions are good electrolytes, 
their osmotic properties (boiling point, vapour pressure, 
etc.) are so far abnormal that not only do they not indicate 
the ionisation, which the electric conductivity leads us to 
expect, but they differ so slightly from those of the pure 
liquid, that the idea of solution is precluded. In other 
words, while the solutions are fair electrolytes, their 
boiling point and vapour pressure are approximately the 
same as for water. 

Thus, Krafft 2 found no elevation of boiling point for 
soncentrated solutions of soaps, while there were slight 
rises for dilute-eolutions. Smits 2 obtained similar results 
for sodium palmitate at concentrations from 0*3 to 0*6 

* Zeitsch, physikal. Chem., 1902, 41, 672; Beitr. chem. Physiol, 
Path,, 1903. 8, 198. 

- * Ber., If94, 27, 1747 ; 1896, 28, 2666 ; 1696, 29, 1328 ; 1399, 82, 1684. 

* physikal. Ohm., 1903, 46 , 608. 



iiofs per* litre. ¥6¥ 'highlr ' cbncentratioh Ho uWfl/l 
ionsimeter owing to the experimental difficulties of tHo 
Kicling point method. There was no diminution of 
rapour prespre in a 28 per cent. (1 mol per litre) 
olution, and only 1*3 mm. diminution in a 14 per cent, 
lolution. 

Fon the osmotic pressure of soap solutions, see p. 318. 

Concentrated solutions are clear when hot, and gels 
re formed on cooling. Dilute solutions are frequently 
palescent, and the opalescence is increased by heat. AD 
he solutions have electric conductivity ; the soap is therej 
3re ionised or hydrolysed, or probably both. Hydrolysis 
is proved by the extraction of fatty acid from the solution 
by shaking up with toluene ; the hydrolysis is not into 
acid and base, but into acid salt and base, and occurs even 
when excess of base is added. In absolute alcohol the 
soaps give normal molar weights by the boiling point 
method. 

A comparative study of the sodium salts of the 
fatty acids shows that the soap character begins with the 
Ci 2 acid. *01eic acid is more soluble than the saturated 
acids, and its salts are less hydrolysed. 

MacBain and "Baylor ^ were unable to get any 
satisfactory determinations of the boiling point (which the 
author can corroborate from personal experiences), so they 
studied the electric conductivity at 90® of solutions t)?' 
^Bodium' palmitate, using silver vessels, as others were^ 
attacked chemicaUy by the soaps at this high temperatuiev 
They appear to have obtained the sam^ value for thq-f, 
eonduotivity, whether the solution was made up 
AoDd soap and water, or from acid and sodium hydroxid^^l 
^his is a very important observation, for it indicates 
A true, ie, a reversible, equilibrium is establishf^ 
i JSeitsch. ph 4 / 8 ikal, Chm>, 1911, 79, 179* 
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^l^lrolyt^ in iiolntion and colloids the sol condition. : 
There is a maximum conductivity (89‘47) at 3*6 m., and a 
minimum (82*37) between 0*2 m. and 0*1 m, ^ ’ 

Addition of sodium hydroxide to the solutions pro- 
duces a precipitate, wliieh is a mixture of sodium palmitate 
and an acid salt, NaHPa 2 , in spite of the alkaline reaction 
of the liquid. Whether this precipitation is the precipita- 
tion of a sol, a salting out, or a gelation, is not very clear. 
The precipitation of the acid salt by alkali from alkaline 
solution seems to be similar to the gelation of silicic acid 
by small quantities of alkali (p. 129). As the reaction 
takes place with solutions up to 56 per cent. (2 m.), it is 
plain that the hydrolysis of sodium palmitate is — 

2NaPa + HOH ^ NaOH + NaHPnj 

and not 

NaPa + HOH ^ NaOH + llPa 


The nature of salting out" of soaps by adding a 
mixture of sodium chloride, carbonate and hydroxide, 
seems to be as uncertain as the above action of sodium 
hydroxide. It has been variously described as salting out 
proper, analogous to the action of ammonium sulphate on 
'albumin, or of many salts on organic substances not 
necessarily colloid ; as a precipitation of a sol by electro- 
lytes ; and as a “ common ion effect,” ».«. the precipitation 
of a sparingly soluble salt by adding a large amount of a 
soluble salt with a common ion {e.g, the decrease in 


solubility of silver acetate on adding sodium acetate or 
lilver nitrate to the solution). 

J^IV’prieS soap ^dwells in water, becoming a geP ; this 
is accelerated by alkali, and this fact is made 
of by the manufacturer. The cuttings of soap to be 
nmade up are treated with dilute alkali instead of with 


Ooldsohmidt, JtoU. ZiMicK, 1908. 8, 103, 237. 
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^ The surface tension of soap solutions is dealt with on 
p. 240. As* the solutions are so complex, it is not sur- 
pfising that the surface tensions are not well-defined. 
While sodium oleate lowers the surface tension of water 
to a great extent, sodium palmitate, according to Bottazzi,^ 
does not lower it at all, and the addition of a little sodium 
hydroxide produces no change. He concludes that the 
lowering of tl^e surface tension is due to the undisSociated 
sodium oleate, while the hydrolytic products are much 
less active, or are quite inactive. 

Among semi-colloids other than those mentioned 
above are substances used in dyeing and tanning. Owing 
to their importance they will form the subject of separate 
chapters. 

Indicators. 

Wo. Ostwald^ has suggested a colloid theory of in* 
dicators. Congo rubin turns blue with acids, its range 
being similar to Congo red. In water it forms a highly 
disperse system, which is between typical colloids and 
molecular dispersoids, i,e. the velocity of dialysis, diffusion, 
and ultrafiltration lies between them, but is greater 
than Congo red. It is also, like congo red, electro-negative. 
It is changed to blue by acids, but also by neutral salts, 
alkaline salts like sodium carbonate, and even by alkalies 
like barium hydroxide. In these cases the colour change 
is followed by precipitation of the dye. Non-electrolytes 
are inactive. The valency law is followed, e.g, 

JNa,SO, ; MgSO, : f Al,(Sa), 

1 : 89-4 : 163fl 

1 : 89-4 : 1662 

The change can be prevented by addition of “ protective ” 
colloids, and they have similar values in this case, as 
hold for gold sols. ^ 

Att^, accad. Lincei, 1912, 866 (abstract in Roll. 1919, 

la, 206)? » Roll Zeitsch., 1919, 24, 67. 



CHAPTER XX 


DYEING 


The question whether dyeing is a chemical or a physical 
process is one which has agitated scientists* and practical 
men alike as long as there has been a science of chemistry, 
and the main effect of the advent of colloid chemistry 
has been to render the question still more complicated by 
providing yet another set of explanations to those already 
existing, without increasing materially the prospect of a 
final answer. Still, it affords several points of attack, 
and there is little doubt that many of the phenomena of 
colloids must be concerned in some of the processes of the 
dyer’s art. ^he fibres cotton, silk, wool, are more or less 
•comparable with gels, both in structure and general 
properties ; they exhibit the phenomena of imbibition and 
dehydration, and possess gie^t developmmit of surface. 
Many (fyes are true colloids or semi- colloids In water, and 
of the others, many greatly lower the surface tension 
of water, and are thus readily adsorbed from water, 
as also are the other two classes of colloids and semi- 
colloids. 

Notwithstanding this, it is vain at the present moment 
to expect that colloid chemistry can provide a single or 
simple explanation of dyeing, or an answer to the question 
Whether dyeing is a chemical or a physical process. The 
i-eason of this is to be found in the question. As Ostwald 
well expresses it, “ We are not justified in speaking of ‘ a 
theory of dyeing,* as if any single theory can be applied 
all the»prooesses of dyeing. Dyeing is not a scientific, 
but aotechnioal notion, which denotes unifonn. results- 
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without regard to fiitf means employed. Science is bound 
td take into« consideration the means, and, if they are 
fe^pnd to be different, it must put forward correspondingly 
different theories of the dyeing processes which depend 
on them.” ^ * 

The original rival explanations were physical action, 
with ,solii_gQ:lution as a later extension, and chemical 
reaction between the fibre Jnd the dye. To these are 
now added cofioid rea^ions and adsorption interfaces, 
the latter naturally taking first place, though the mutual 
precipitation of colloids of opposite electric charges, and 
the various types of pseudo-adsorption (p. 256) must also 
be important factors, especially though not exclusively 
when mordants are used. But before entering on this, 
the main subject of interest, it is desirable to outline 
briefly the colloid properties of dyes. 

The Colloid Nature of Dyes.— As stated in the previous 
chapter, many dyes form semi-colloids in water, others 
are undoubtedly colloids, i»e. form emulsoid or suspensoid 
sols with water as dispersion medium, while others again 
form true solutions. The following table shows to which 
group a number of important dyes belong. 


CoUoiil. 

AlkaU blue 
Aniline blue (soluble) 
Aeoblue 
Benzazurin 
Benzopurpuriii 
Carmine 
Congo red 
„ fast blue 
„ brown 
Pi^ne ^een 
„ blue 
Induline (soluble) 
Naphthol yellow 
Night blue 
Violet black 


Semi-colloid. 
Capri blue 
Fuchsin 
Methyl violet 
Neutral red 
Nile blue 


CryBtallold. 

Alizarin red 
Auramino 
Bismarck brown 
Cbrysoidin 
Eosiu 

Fluorescein 
Magdala red 
Methylene blue 
Patent blue 
ihorio acid 
Pyronine 
Bhodamine 
Safranine 
Thionine 

o 


^ QutUma of General Chemstiy, 8rd English Edition, 1912^ j. 495, 
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The colloids show distinct micron! auu suumicrons in 
the ultramicroscope, and otherwise behave is typical sols ; 
usually the emulsoid or hydrophile character predominart'fes,. 
but in some .congoTed), the dye is precipitated by 
small amounts of salts, and, as they are mostly negative 
sols, the precipitating power of the salt depends on the 
valency of the kation (j). 98). As a rule t^a sol is 
electropositive or electronegative according as the colouringl 
substance forms the kation or anion of thS dye. 

According to Keller,^ methylene blue in water 
migrates feebly to the anode with a voltage of 60-70 V., 
although it is a basic dye; in alkaline solutions it 
migrates to the anode, while in acids it travels to the 
kathode. Acid fuchsin in water goes to both anode and 
kathode. 

The semi-colloids exhibit the irregularities associated 
with the class to which they belong (see Chap. XIX.);' 
their molar weight in water is 2-3 times the normal, 
while, like ilie soaps, the molar weights in alcohol are 
normal.^ The aqueous solutions are good electrolytes, 
and submiorons are visible in the ultramicroscope. 
Michaelis 3 observed that the addition of salts to sols of 
semi-colloids, and even to solutions of the soluble dyes, 
produces submicrons, i.e. they shift the dye from one class 
to the next. Thus a dilute fuchsin contained no sub- 
microns, but when sodium cldoride was added to the hot 
solution and the solution rapidly cooled, many submicrons 
were visible. This change no doubt plays an important 

‘ KM. Zeitsch., 1919, 25, 60. 

» Kraflt, Ber., 1899, 82, 1610. 

• Virch. Arch. Anat. Physiol. ^ 1905, 179, 195, 
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part in the effect of Neutral salts on the taking up of dy^s 
by fibres froit the dye-bath ; neutral salts, as is well 
kilorvn, increase in some cases to a remarkable extent the 
amount of dye taken up by the fibre, and colloid dyes are 
among the mo^t readHy taken up dyes. The chemical 
theory has failed to supply any plausible explanation of 
this actipn. 

A similar transference Irom one class to the nexr more 
colloid class can also take place in other ways. The dye 
salt may form true solutions, but give rise, by hydrolysis 
or other reaction, to colloid base or acid (or it may be to 
colloid ion) in a manner analogous to the action of water 
on soaps (p. 269), or by the production of insoluble salts, 
e.g. of fatty acids, in the form of sols. 

Precipitation of Dyes by other Colloids.— The mutual 
precipitation of colloids is strikingly exemplified in the 
‘case of dyes.i Among dyes are to bo found all types of 
t colloids — suspcusoids and emulsoids, scmi-colloids and 
■ colloidogens— and salts which form true solutions. Of the 
three types of action (p. 137) (1) simple precipitation, and 
(2) precipitation with protection and consequent non- 
precipitation when excess of either sol is present, are well 
known; the third type with two zones of precipitation 
and two of non -precipitation does not appear to have been 
observed. 

J (1) Eosin (anion) and methylene blue (kation), being 
electrolytes and non-colloid, precipitate suspensoids sols— 
eosin, the positive sols such as aluminium hydroxide and 
ferric hydroxide, methylene blue, the negative sols such as 
])latinum and mastic— so soon as the critical concentration 
has been reached. 

A similar action occurs with emulsoids under the 
conditions which convert them into positive or •negative 

» Bui^ton and Teague, Zeitsch. physikal. Chem., 1907, 60, 469b 
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colloids, th^]^{UWe_eiimlsoids are j^^i^itaicd_byLl)asio 
dyes, the positive by ^id djes. Methylene blue precipi- 
tates^ sols of hieraoglobin, seriiiii albumin (native 'and 
heated), ccpigo red, etc., at high, but not at low concentra- 
tions. 

^ (2) The colloidogcn, semi-colloid and colloid dyes with 
suspensoids and emulsoids, such as gelatine^ 'tannin, 
albumin, etc., arc examples of the second J^ype : a zone of 
precipitation with a zone of non-precipitation on each side 
of it. 

The p o.^ 3 ibility o f titmting one dye with anoUmr, as 
night blue with eosin, or with other cofloidsT^liight blue 
with tannin, depends on tliis reaction, the precipitation 
zone being very sharply defined, and the ratio of the two 
substances remaining the same when the absolute concen- 
tration is changed. The ratio corresponds in the formei; 
case to the chemical equivalents, but that there is not 
true salt formation is indicated by the fact that the 
ratio varies with the rate at which the precipitant is 
added. 

Solid Skins on Solutions of Dyes.— Solutions of many 
dyes, e.g. fuchsin, form a skin on the surface, when they 
are kept for some length of time. The nature of this skin 
is not always known, but is due to increase of surface con- 
centration. These substances lower the surface tension of 
water to a very considerable extent, and so, even in 
dilute solutions, the concentration of the surface layer 
may be extremely high ; and as they are mainly emulsoid 
or hydrophile colloids, they form gels or even solid 
skins on the surface. 

They may also be formed at the interface of two im- 
/'miscible liquids in which the colloid is insoluble. Karasden,^ 
who has investigated this phenomenon, especially in the 
* Zeitsch. physikal. Chem.^ 1904, 47, 330. 
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ecasf of albumins, has” applied it to the separation of colloids 
from liquids by simply shaking up with air or a suitable 
licjtfid (toluene or chloroform in the case of albumins). 
The method (applies to albumins, soaps, and saponins, as 
well as to dyes. 

This concentration of the colloid in the surface or 
interface is certainly followed in many instances by 
irreversible chjinges, e.g. albumin and dyes become/ 
insoluble, in whole or in part, or become incapable ofi 
eolation, etc. 

Two classes of substances which are nearly related 
remain to be discussed; they are lakes and mordants. We 
will take the latter first. 

I Mordants.—As a broad generalisation mordants may 
\be said to be ** colloidogenic ” substances, i.e, they are 
[jthemselves truly soluble, but by various changes give rise 
to colloids, either sols, or more usually gels. These gels 
» produced on or in the fibre of the fabric to be dyed then 
react with the colouring matter of the dyed^ath, whether 
by chemical action, by adsorption, by solid isolation, or, as 
is extremely likely in some cases, by mutual precipitation 
of colloids of opposite electric charge, is immaterial at 
present. By this means dyes wlucli are not fast when 
used alone are more firmly fixed. The mere mention of 
the substances chiefly used as mordants is sufficient 
evidence of their colloid character: aluminium salts, 
chromic salts, ferric salts, stannic chloride, tannin, etc. 

Let us take aluminium mordanting, for instance. A 
solution of aluminium acetate is partly hydrolysed in 
solution into aluminium hydroxide sol and acetic acid. 
This, when brought into contact with, say, cotton, will 
probably deposit some aluminium hydroxide on the surface 
of the fibre, for the sol is positive and cotton inu contact 
witb water *is neeative we should thus expect precijpt'ft* 
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tion of the sol on the cotton. .,,^ut Vhether this ta^e 
place or not, some aluminium acetate will soak into th 
fibre, and will there hydrolyse, depositing alutoinkin 
hydroxide gel in the fibre, the acetic acid escaping eithe 
by diffusion or by evaporation, if the fabric is steamed o 
dried. If the former action, mutual precipitation of thi 
aluminium hydroxide on fjie surface, takes place, th* 
formation of the gel in the fibre could take j^ace as follows 
^1 The aluminium acetate which has soaked'' into the fibn 
I before the precipitate has been deposited on its surface 
I cannot diffuse out again, for the film is impermeable b] 
!aI‘", but acetic acid can easily dialyse out, leaving ai 
ialuminium hydroxide gel impregnating the fibre. Thui 
the mordant would be both embedded in the fibre, and alsi 
to some extent deposited on its surface. 

The fact that the basic sulphates are good mordanti 
while the basic chlorides are not so, is probably connectec 
with the precipitating effect of the bivalent anion, SO 4 " 
on the positive aluminium hydroxide sol in the former 
while in the latter the stabilising effect of the hydrogei 
ion H’, or of the Al"’ on it prevents its precipitation b^ 
the univalent anion Cr (pp. 139, 196). In the case 0 
the Imsic acetate, which also is a good mordant, the salt h 
more fully hydrolysed than the chloride or sulphate, anc 
the acetic acid is so weak that it can have only a feebh 
stabilising effect on the aluminium hydroxide sol. 

The use of Ughromaie as a mordant appears to depenc 
iltimately on the precipitation of chromic hydroxide ge 
)n or in the •fibre. The bichromate is decomposed ir 
lilute solution into chromate and chromic acid ; the lattei 
B adsorbed by the fibre and is probably partially reducec 
[)y the material of the fibre, but the reduction is completec 

by sttlphurous acid. Chromic chloride and chromi< 
are also used as mordants for wool. 
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Stannic chlorick *by similar reactions can deposit 
stannic acid ^el in the fibre, for in water it is practically 
.ccrajpletely hydrolysed into hydrochloric acid and stannic 
acid sol. 

Tannin as a mordant deserves separate mention. It 
is an emulsoid sol in water, and is readily adsorbed. Its 
adsorptipn is increased whei\ free acid is added to the 
solution, but this soon reaches a maximum, and further 
addition of acid reduces the amount adsorbed, as the 
following figures show : — 


Adsorption of Tannin hy Colton. 

Amount adsorbed. 

Tannin + no acid 30 per cent. 

+ 1 g. acetic acid per litre 35 „ „ 

+ 2 „ „ 40 „ „ 

+ 5 „ „ „ 50 „ „ 

H" 10 „ „ „ 33 „ „ 

+ 20 „ „ „ 31 „ „ 

Lakes. — Tannin forms lakes with basic dyes ; these may 
be salts, but are more likely formed by the mutual pre- 
cipitation of the negative tannin and the positive (basic) 
dye. According to Witt^ there is no definite molecular 
ratio between the dye and the tannin. The ratio will 
obviously depend on the electric charge on the particular 
gel and sol, and will in any case not necessarily approxi- 
mate to molecular ratios (p. 136). That this is the nature 
of the reaction is supported by the fact that the tannin 
lakes are soluble in excess of tannin, for a sol which pre- 
cipitates when the appropriate amount is added protects 
the other sol if added in excess (p. 135). 

' The lakes proper are formed from alizarin (a weak 
dibasic acid, dihydroxy anthraquinone, Ci 4 H 804 ) and 
‘ Gh&n. Zeit., 1885, 12. 
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meiamc oxiaes, 01 which aluminium hydroxide is tho < 
type. The presence of an oxide of a bivalent metal, 

CaO, is also necessary for a proper colour and fast dyehig. • 
The chief lake is Turkey red on cotton, which contains 
aluminium, and calcium, and also a fatty acid. A pure 
aluminium mordant on wool also requires an oxide of the 
MO type to give the coloiy; hero magnesium «x*ide is 
found to be the best. 

Pure aluminium ricinoleate powder, if heated with 
water and alizarin, begins to attract the colouring matter 
at 40° 0., at which it melts, and the bright red colour is 
gradually developed. 

The formation of lakes with dyes and aluminium 
hydroxide may be compared with the action of the latter 
on red gold sols, which gives bright red precipitates. 


The Tiieokies of Dyeino 

The essential fact on which the chemical theory of 
dyeing is based is that there is a decomposition of the dye 
salt, especially in tho case of basic dyes, the coloured 
katiou being fixed on the fibre, while the anion remains 
in the bath. This is represented as a chemical reaction ^ 
between the dye and the fibre, which is stated to be an 
amphoteric electrolyte, and so functions as an acid to basic 
dyes, and a base to acid dyes, an insoluble product being 
deposited on or in the fibre. The following objections 
appear to be fatal to this theory. 

(1) The dye is not insoluble, for it can in many cases 
be readily removed by treatment with water or other 

» KneoB, Ber., 1889, 21 , 1666, 2804 ; 22 , 1120. Suida, Sitzungsber. 
a»ka%\erl. Ahad. Wiss. Wien., 1904, 113 , 724; Zeitsch. Angew. CJiem.t 
1909, 2181. 
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^ I C 

liquid, and tb^re is, in fact, reversible equilibrium between 
the dye on the fibre and in the bath, 

•'(2) That the same decomposition occurs with other 
substrates in, which chemical action (amphoteric or other- 
wise) must be considered improbable. Such are pure 
cellulose, charcoal, glass, asbestos, and other silicates.^ 

(3) •A.ccording to Losev \t is doubtful if a similar 
decomposition^ of acid dyes takes place, and it certainly 
does not occur with the substantive dyes, so that in these 
cases the chemical reaction is quite lacking. 

As the facts relating to the first of these objections 
are of fundamental importance, they may be stated at 
once. In an investigation on the behaviour of picric 
acid to various adsorbents, Walker and Appleyard^ found 
that the amount of dye taken up from the bath varied, 
continuously with the concentration of the bath, relatively 
larger amounts being taken from weak baths than from; 
strong ones. The formula expressing the relation was 
found to be — 

_ h 

27 — fc 

^water 

This is the well-known adsorption formula. If the dyed 
silk was treated with water, the action was reversed, and 
the same end result was obtained whether the dye was on 
the silk or in the solution. Further, less picric acid was| 
taken up by silk from alcohol solutions, and none at 
all from benzene solutions. 

,From these results, it would appear that the action of 
picric acid on silk is purely an adsorption effect, the 
amount adsorbed depending not only on the nature of 
the substance adsorbed, but also on that of the solvent. 

* Qeorgievios, Fdrberzeit., 1894-5, 19, 9, 129, 188, 286. ^Freundlioh 
and Losev, ^eitsoh. physikal. Ohm,, 1907, 59, 284. 

* Ohej^. 8oe, Jown., 1896, 69 , 1934. 
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I^Adsorption generally is greater from fiqhids whose surface 
Pfension is large (as water) than from those^ with small 
' surface tensions (as alcohol and benzene), the decisiyeP 
factor being^ the effect of the particulai* solute on the 
surface tension of the liquid (p. 242). 
y^^-It is very difficult to reconcile some of the well-known 
facts of dyeing with the oheiqical theory, e.g. the effect of 
adding neutral salts to the bath (p. 275), but above allj', 
the increased dyeing produced by adding bases to basic?, 
dyes, and acids to acid dyes. The stronger the acid and the’J 
greater its concentration, the greater is the dyeing action. ^ 
Adsorption of Dyes. — In the chapter devoted to adsorp- 
tion (p. 247) will be found several references to dyes, which 
show that the initial stage at least of the reaction between 
dye and fibre may be regarded as an adsorption. One only 
will be repeated here. The ratio of the amounts of two 
adsorbed substances is practically independent of the 
nature of the adsorbent (p. 250), and this applies equally 
to fibres (wool, cotton, silk) as to the substances usually 
employed as adsorbents (charcoal, aluminium oxide, silica, 
etc.). 

Again, as pointed out above, there is apparently 
equilibrium between fibre and solution, just as there is 
with the other adsorbents. Lastly, the connexion between 
the concentration of the dye-bath and the amount taken 
up is expressed by the adsorption formula, the numerical 
values of the index being similar to those of other ad- 
sorptions. This, the result of the work of Walker andj 
Appleyard, already referred to, of Schmidt,^ and especially 
of Freundlich and Losev,2 is the main objection to the' 
theory of solid solution, first suggested by Witt.® 

I Zeitsch. physikaL Ohem,f 1894, 15, 56. 

^ Freundlioh and Losev, loo. dtt., p. 282, 

• FUrhmeit.. 1890-1, 15, 1, 
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^ The Soli^ Solition Theory. — According to this view, 
the dye is distributed between the two immiscible solvents 
*-• the liquid and the fibre— being in the ordinary solution 
s^te in tli^ one, and as a solid solution jn the other. 
Many arguments have been adduced in favour of this 
theory, but the above objection led to the general abandon- 
ment ^f this theory in favour of the adsorption theory, 
although majiy of the properties of dyed fibres were not 
in agreement with what was to be expected, if the process 
of dyeing was purely an adsorption. In particular, the 
microscopic appearance on the whole gave the impression 
of solution throughout the fibre, and not of a surface 
adsorption. For example, starch grains are uniformly 
coloured,^ and microscopic sections across dyed fibres 
have revealed in some cases the existence of irregular 
deposits on the external surface of the fibre, or mainly in 
the outer layers, but in many others the dye was uniformly 
distributed through the fibre,® The former structure 
occurs with the insoluble dyes as Turkey red (see Mor- 
dants, p. 278), and with inorganic pigments; the latter 
occurred especially in direct dyeing on wool and silk with 
basic dyes. It also occurs with cotton and mercerised 
cotton with substantive dyes, and with basic dyes if the 
cotton is previously mordanted with tannin. 

As in many other cases there is evidence that adsorp- 
tion, which is a rapid process, is followed by slow 
changes, such as diffusion into the interior of the 
adsorbent. Examples of this are found in hydrogen and 
platinum or palladium, acids in various Adsorbents both 
fibres and inorganic substances, 3 iodine and hydrogen in 

I Fischer, Zeitsch. physikal. Chem., 1908, 63, 480. 

• Sulda, loc. cit., p, 281. 

» Qeorgjevios, KoU. Zeitsch., 1912, 10, 31 ; Zeitsch. physikal. Ciier^ 
1914, 669. 
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uuurcoai,* iDougn m me case of iodine Ehid charcoal later Ve- 
search has failed to find any evidence of solid Elution, th§ 
equilibrium being rapidly attained in benzene ; in carhop, 
disulphide it was very slow, owing to decomposition of the 
carbon disulphide with liberation of sulphur which com- 
bined with the iodine .2 On the whole, then, it is not 
improbable that in dyeing, too, adsorption is followed by 
similar processes. * 

j| According to Reinders^ pure adsorption* only occurs 
with those dyes which form sols, and in the fibre are also 
colloid (gels ?), among which he classes precipitation of 
gold sol or arscriious sulphide sol on charcoal or barium 
sulphate, or of charcoal suspension on paper, and also the 
dyeing of wool and cotton with true colloid dye sols, such 
as the blue acid of congored. These dyeings are not fast, 
and the dye can be removed by washing.'^ 

Eeinders and Lely have recently shown that the fact 
that the distribution of dye between fibre and bath follows 
the adsorption law instead of the distribution law (Henry's 
law) cannot be accepted as a criterion in this question, for 
the distribution of dyes between two immiscible liquids 
frequently follows the same adsorption law. They in-ij 
vestigated the distribution of a number of dyes botweenjj 
water and isobutyl alcohol, both with and without thej 
addition of acid (HCl), and alkali (KOH) ; the dyes were — ! 

Basic dyes; methylene blue, fuchsin, crystal violet, 
new fuchsin. 

Acid dyes : crystal ponceau, patent blue, erythrosin A, 
roccellin,, quinoline yellow, alkali blue. 

Substantive dye ; congo red. 

^ Davis, Ohem. Soc. Journ., 1907, 91, 1666. MacBain, Zeitsch. 
physikal. Chem.t 1909, 68, 471. 

* Dora Walter, Koll. Zeitsch., 1914, 14, 242. 

» Koll Z^ch., 1913, 18, 96. 

* tqjet Jolivet, Die Theorie des Fdrbepvzessen, Dresden, l5l0, p, 143. 
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‘They found ^1/ that the distribution of the dyes 
between water and isobutyl alcohol is expressed by the 
< 1 ( 3 sorption formula — 

^'alcohol 

n 

Cwater 

in which - is less than 1. the value of - varies from 0*3 
n ^ n 

for erythrosin A to 1 for alkali blue and crystal ponceau. 

In most cases it is not constant, but rises with increased 

concentration. 

(2) The addition of potassium hydroxide to the basic 
dyes, and of hydrochloric acid to the acid dyes increase 
the concentration of dye in the alcohol layer, just as they 
increase the amount of dye taken up by fibres. 

AS) Wool and silk which are dyed with basic dyes are 
readily decolorised by the alcohol (compare the non- 
dyeing of silk by picric acid in benzene, p. 282). 

(4) A colourless solution of rosaniline in water dyes 
wool and silk a deep red, i.e. the colour of the salts ; the 
same thing happens when the solution is shaken up with 
isobutyl alcohol or amyl alcohol. In this case salt for- 
mation is excluded. It is probable that there are two 
modifications of the base, colourless and red, the former 
more soluble in water, the latter more soluble in alcohols 
(and in fibres), and so taken up from the aqueous layer. ^ 

Eeinders explains the small value of l/n as partly due 

to the difierences in molar weight of the dyes in the two 

• 

* A similar thing doours with picrio acid, which is readily adsorbed 
from the yellow aqueous solution by, e.g., platinum black on platinised 
electrodes, and is not extracted from them by washing with water. ' It 
Is extracted by alcohol and benzene, but in the form of a oolourless 
solution, which resulted in the extraction being overloqjced, until it 
was notice*^ that the addition of water to the alcohol produced an intensd* 
yeKow colour. (Private communication from Professor Sir J,^}ker.) 
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layers, for as already stated their mdlai weights in alchhol ^ 
are usually normal, while in water they ar^ 2-3 or more 
times the normal, as the following figures show ^ 


• 

Dye. 

Molar weight. 

In water. 

In alcohol. 

Theoretical. 

Fuohain* .... 

t 

520-620 

820-340 

y_l 

337 

Methyl violet . . . 

800-870 

400-420 * : 

408 

Benzopurpurin . . 

3000 

— 

724 

Diamine blue . . 

8400 

— 

999 


The change in molar weight with concentration may be 
the cause of the change in the value of ^ with concentra- 
tion. 

Or the explanation may be that the dyes are both 
hydroly^ and ionised in water, and not in the alcohol ; 
tfi^ ions would not be extracted from the water layer by 
the alcohol, and thus the distribution would vary with the 
concentration of the ions ; similarly, the distribution of the 
hydrolytic products between the two solvents would 
depend on their solubility in each, and, naturally, to a 
different extent from that of the undissociated dye. (That 
this must have some effect on the distribution is borne out 
by the effect of acid on acid dyes, and of bases on basic 
dyes, the results of which are as would be expected from the 
above considerations. The addition of acid to basic dyes, , 
or of base to acid dyes, often causes an increase in the i 
concentration of the dye in the alcohol layer. This may j 
be referred to the decreased hydrolysis, and consequent j 
increase in concentration of the undissociated dye salt in j 
the water layer, which, of course, means an increase in the* 
alcohol lajer also. The effect is not so great as in the 
» Krafft, Ber., 1899, M, 1608. 



288 APPLICATIONS OF COLLOID d^EMISTRY 

jotliei' case, where neifl is added to acid dye and base to 
, basic dye, and the changes in colour point to other efifects. 
JThp following figures illustrate the effect of acid and 

alkali on methylene blue : — 

• • 


HCI. 

1 


KOII, 

Equivalents to 1 j 
of methylene > 
blue *, 

1 

excess 8 4 2 1 

1 

0 

0-8 2C ^-2 30 

Calfohol 

Cwater 

1 08 0-8G 0-50 0-41 O’Jl 

0 41 ’ 

1 

0-41 0-57 1-25 3 33 


Finally, the adsorbability of the three dyes, crystal 
violet, new fuchsin, and patent blue, follows the above 
order, independently of tlie nature of the adsorbent, 
whether it is charcoal, silk, wool, cotton, or cellulose 
(p. 250), and the same order is retained in their distribu- 
tion between water and isobutyl alcohol. 

We are thus forced to conclude that the invalidity 
of the simple distribution law and the validity of 
the adsorption formula cannot be considered a decisive 
objection to the solid solution theory in favour of the 
adsorption theory. On the other hand, the adsorption 
theory affords a reasonable explanation of the striking differ- 
ences in the adsorption of dyes in water and in other liquids 
such as alcohol and benzene. It seems probable that the 
initial stage in most instances is an adsorption pure and 
simple, but that, if the dyeing is to be fast, it is succeeded j 
by other stages which may in some cases be chemical^ 
changes and physical in others, resulting in a decrease in 
solubility of the dye in the original solvent. 



CHAPTEli XXI 

m 

TANNING, THE SOIL, AND PUIIIFICATION OS' SEWAGE 

Tanning 

After so lengthy a discussion of the main processes of 
dyeing, which, however, makes no claim to be exhaustive 
or complete, it is unnecessary to devote much space to 
tanning, since to a great extent the main problem is the 
same, viz. how far the actions of the chemicals on the 
skin are to be regarded as chemical reactions, adsorptions, 
or mutual precipitations of colloids. 

The colloid nature of the substances concerned in 
tanning is even more pronounced than in the case of 
dyeing. The skin contains albumin- and gelatine-like 
substances in the form of gels, which swell in water, this 
being influenced to a marked degree by acids, alkalies, and 
salts. The tanning materials are mainly colloids, and 
hydrophile rather than hydrophobe. Tannin, e.g., forms 
undoubtedly an emu Isold sol in water, for it is opalescent, 
does not dialyse, and does not lower the freezing point of 
water. It is interesting to note that Patemo,^ who first 
discovered this, also stated that its molar weight in acetic 
acid was normal! He has quite recently, however, found this 
to be erroneous.^ the lowering of the freezing point being 
due to impurities and moisture in the tannin ; it is as ^ 
much a colloid in acetic acid as in water. One result of 

» ^eUsch.physikal. Ohem.^ 1889, 4 , 467. 

* Pateruo and Salimei, Koll. Zeitsch., 1913, 13, 8i, 
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itj colloid nature %*that a larger amount of tannin is 
extracted from tanning material by distilled water than by 
dtdinary water, the presence of small quantities of salts 
preventing sj^lation, bivalent ions (Ca** or CO3") being 
more powerful than univalent ions. 

In the treatment preliminary to tanning proper, the 
swelling during the treatment with lime, and the persist- 
ence with which the last traces of lime are Trained, 
necessitating extraction with acid, are both instances of 
colloid reactions. 

Proctor and Wilson^ consider that acids act on 
gelatine with formation of ionised salts, the anions of 
which, owing to diffusion into the mass of gelatine, 
exert an outward pressure, hence an increase of volume 
or swelling. This is applied by Proctor and Burton to 
the processes of pickling, lime extraction, and mordanting. 
According to Proctor’s colloid-chemical theory, a com- 
pound of skin and tanning material is formed because of 
the presence of an electrical potential, i,c, a membrane 
potential. Electrical neutralisation takes place with 
mutual precipitation of oppositely charged colloids— 
hide and tanning agent. 

According to Moller,^ true solutions cannot tan, only 
peptised sols. Taniiin is the peptiser in plant materials, 
the peptised substances being ellagic acid, katechin and its 
polymers. Tanning consists in the separation of the 
peptiser from the peptised substance. Tannin possesses 
a great solubility for skin substance, diffuses into the 
skin, and forms with it a solid solution, while the peptised 
substance attaches itself to the surface of the fibres of 

^ 1 Jour. Amer. Leather Ghem. Assoc., 1916, 261 ; also Proctor and 

Burton, Jour. Soc. Chem. Ind., 1916. Proctor and Wilson, Chem. 
Soc. Jour,, 1916, 109, 1327. 

J Collegium, 1916, p. 549. Roll. Zeitsch., 1919, 24, 32. 
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skin. This is only possible became of the pe^tised,. 
condition of the tanning solutions. The ptfptiser acts^ on 
the surface of the particles of the peptised substiy^e^ 
to form a soluble complex compound, which coats the 
particles and so prevents reunion. 

The process of “ pickling has been very fully studied 
by Proctor ; ^ it consists in treating the skin before tanning 
with •very dilute sulphuric acid, during which a large 
amount of water is imbibed, the fibres swelling to a con- 
siderable extent. The skins are then placed in a strong 
solution of salt, when dehydration takes place, the skin 
becoming leather-like in texture. This action of neutral 
salts only takes place after acid imbibition. Proctor 
made out the general relations in the Mm pier case of the 
imbibition of water by gelatine under the influence of acids 
and salts. 

A gelatine which took up about eight times its weight 0 
water, took up about fifty times its weight of water in verj 
dilute hydrochloric acid ; very weak acids scarcely alterec 
the amount imbib(!d. Salts in neutral solution increasec 
imbibition, but in acid solution they dehydrated tin 
gelatine ; the process of dehydration was very susceptibh 
to traces of acid. This is another general characteristic ot 
colloids ; such processes as gelation and solation, imbibi- 
tion and dehydration of gels are generally greatly 
influenced by very small quantities of acids and alkalies 
(p, 165). The action of the acid on the gelatine, according 
to Proctor, is to form a salt-like substance. 

In tanning proper, adsorption and mutual precipitation 
of sols in the liquid by the gels in the skin are undoubtedly 
the primary processes in the case of tannin and the 
vegetable extracts. The nature of the leather depends on 
the state of the skin (due to differences in the preliminary 
‘ Koll, Chem. BeihefUt 1911 , 2 , 243 - 284 , 
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^treat^ient) and the«in?iterials in the tanning liquor; in 
the*latter the Colloids which are most readily adsorbed are 
depq^ited in great concentration on the surface, leaving the 
interior unaffected, while those which are less adsorbable 
and more diffusible have time to penetrate into the skin. 
As a general rule what is aimed at is a gradual tanning. 
This is.^ttained in several ways, by appropriate selection 
of less adsorbable reagents at* the commencement •of the 
tanning, followed by more adsorbable ones. The same is 
effected by systematic exhaustion of the liquor; fresh 
extract is used with skins which are almost completely 
tanned, thus removing the most adsorbable substances and 
depositing them on the surface, while the fresh skins are 
treated with the almost spent liquor, which naturally 
contains only the least adsorbable substances. The 
adsorption is greatly influenced by the nature of the 
previous swelling of the skin; if acid has been used, 
t adsorption is much quicker and much greater than after 
alkaline treatment. 

In mineral tanning, in which chromium, aluminium, 
and iron alone arc concerned, there is probably precipita- 
tion of a hydroxide sol contained in the basic salts 
employed by the colloids in the skin, although there is 
also the possibility of diffusion of salt into the skin, 
followed by decompositions similar to those occurring 
in mordanting which result in the deposition of metallic 
hydroxide gel in the fibres. In the two-bath process 
of chrome tanning, as in bichromate mordanting (p, 
279), chromic hydroxide is produced in the fibre by the 
reduction of chromic acid by reducing agents, and if 
thiosulphate and acid are used as the reducing agent, 
sfilphur sol is also formed (soluble hydrophile colloids 
from the skin or the chromic hydroxide “ prqtecting ” 
it), ^nd soine of it is also adsorbed. 
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Secondary Changes. — Whatever the initial pruCeSSp 
there are, in the case of both vegetable and mineral 
tanning, secondary changes, which are slow and irre/fer- 
sible. A{ first a considerable amount of, tannin, or of 
chromium, aluminium, or iron, can be extracted with 
water, and the skin has not fully acquired the properties 
of leather. As the latter increase, the amount 0 ^ tanning 
agent extracted by water decreases. In tanning with 
fats, as with tannin, there is the possibility of oxidation, 
and in the former case it has been suggested that the 
oxidation products are the actual tanning agents. Other 
actions supposed to take place are dehydration and poly- 
merisation, it being further suggested that these actions 
are catalytically accelerated by the fibre. There is ap- 
parently little direct evidence hearing on these suggestions. 

Iron tanning is not so satisfactory as aluminium, anc^ 
still less so than chromium. According to Stiasny, ferric 
salts are too fully hydrolysed, and therefore tooindiffusible,* 
and too quickly precipitated, while the inferiority of alu- 
minium is due to its salts not being hydrolysed enough. If 
hydrophile colloids, such as soap, blood, albumin, gelatine, 
are added (as “ protectors ”), iron tanning is improved. It 
is quite possible, too, that the iron catalytically oxidises 
the fibre, and so causes brittleness. The superiority of 
chromium may be connected with the presence in chromic 
salts of complex ions, no similar substances being known 
in the case of ferric and aluminium solutions. 

Just as Proctor-^ was enabled to throw light on the 
action of acids and salts in “ pickling,” by a study of the 
behaviour of gelatine (p. 291), so Abegg and Schroedcr 
obtained valuable information from an investigation of 
the action of tanning agents on gelatine. 

Thecnelting point of the gelatine was 36®. Formalin 
» Roll. ZeiUch,, 1907 , 2 , 85 . 
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.acteJ slowly, raisiifg Ihe melting point ; the maximum 
attained was *48°. The time necessary for this to be 
•reWied was inversely proportional to the concentration of 
the formalin. , Alum and chrome alum do not jiarden the 
gelatine as formalin does, and the melting point is 
lowered, by 10 per cent, alum to 34°, and by 10 per cent, 
chrome »alum to 32° ; the {\ction is very rapid (a few 
minutes), and previous treatment of the gelatine* with 
sodium carbonate was of no effect. Iron alum, with or 
without sodium carbonate, caused the gelatine to become 
hard and brittle; the melting point was 40°-38° in 
very dilute solution. 

Bichromate followed by sodium thiosulphate, picric 
acid, and tannin were tried, but the melting point remained 
unchanged. 

The lowering of the melting point by the alums is due 
to the action of salts on the melting point of gelatine 
* (p. 126) ; this effect is superposed on the tanning effect. 

Washing out the tanned gelatine produced a curious 
effect — the melting point of the mineral-tanned gelatine 
rose well above the original melting point after brief 
extraction with water and fell on prolonged washing to 
the original melting point. The following figures are of 


interest : — 

Gelatine (m.p. 36°). 

Tanning agent. 

At once. 

Melting point. 

80 min. washing. Long washing. 

10% Cr. alum . 

32° 

37° , 36° 

„ A1 alum . 

34° 

42° 36° 

„ Fe alum . 

48° 

45° 41° 

Tannin . . 

34° 

— — 

Formalin . . . 

— 

48° (48 hrs.) 46° (56 hrs.) 
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The Soil 

The application of colloid chemistry to the study of 
soils has been attended with marked success. The colloid’ 
nature of bne of the chief constituents of soil, humus, has 
long been known, and to its colloid properties its import- 
ance is mainly due. There are also other colloids j)resent 
in soil, the chief being 

(a) Humus, and decayed organisms. 

(h) Ferric hydroxide and aluminium hydroxide, etc. 

(c) Amorphous silicates, resulting from the weathering 

of crystalline silicates. 

(d) Bacteria. 

Humus is, perhaps, the most important of all ; it is 
emulsoid in character, resembling albumin in many 
respects — in salting out, imbibition with water, adsorp- 
tion of salts, migration to the anode ; it acts as a sub* 
strate for bacteria, and as a “protective” colloid for 
suspensoid colloids in the soil. The question whether 
it is an acid or not seems at last to be definitely 
settled. It has frequently been held that its neutralisa- 
tion with bases was simply the formation of adsorption 
compounds, but recent work leaves little room for doubt. 
The solution has a greater electric conductivity than 
oleic acid solution ; it is said to invert cane sugar, and 
to react with iron, hydrogen being liberated. Oden pre- 
pared humus acid suspension, and a colloid-free ammonium 
humate, and concludes that alkali first peptises humus, 
and subsequently acts upon it chemically, for alkali 
humate is certainly not a colloid, since no particles are 
visible in the ultramicroscope ; further, salts do not cause 
precipitation, the solution diffuses, and there is ,no 
change in concentration when it is shaken up with charcoal 
or barium sulphate. The gelation of humus sqls gives rise 
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to membranes whicji fiiake the soil impervious to air and 
wfffcer. 

« As a negative colloid humus is precipitated by kations 
gind in accordance with the valency rule more readily by 
0a‘“ and Fe' * or Al"*. They alter the permeability, 
the amount of water taken up by imbibition, and also 
the wa^y the soil " works.” The adsorption of potassium 
is probably also affected. ^ * 

The adsorption of dyes by humus is made use of in 
soil analysis, e,.g. methyl violet serves to distinguish 
colloids from finely-divided crystalloids; colloid aluminium 
silicates and aluminium hydroxide can be distinguished 
from amorphous silica (silicic acid) by means of alizarin, 
and the two former from each other bynaphthol yellow + 
acetic acid, which colours the aluminium hydroxide alone. 
All these reactions depend on the attraction of colloids 
Tor basic or acid dyes according to the sign of the electric 
, charge on the colloid. As Kohland has shown, colloid 
clays adsorb prussian blue, organic dyes, colouring matters 
from faeces and urine, and also albumins, oils, soaps, etc., 
from drainage waters. 

A knowledge of the amount of clay in a soil is thus 
an important matter. Plasticity tests afford only a 
rough guide to the amount, and better results are obtained 
by ascertaining tlie hygroscopic] ty, i e. the adsorption of 
water vapour by the surface. It is, however, difficult tc 
^PP^y> extent of surface changes on drying, and 

humus imbibition also vitiates the results. The adsorp- 
tion of malachite green by the clay affordu a good and 
reliable estimate of the amount of clay. 

The adsorption of salts, of calcium and potassium in 
peCrticular, by soil is highly important; potassium is 
strongly adsorbed by clays, phosphate by calcium carbonate 
(no dpubt sobae chemical actionin this case), also preoipkat^ 
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calcium phosphate precipitates ferriS OKide and alumifiium 
oxide. The adsorption of potassium is a ver/rapid process, 
as pure adsorptions usually are, while the adsorptiop •of. 
phosphate^ is much slower, as is to be ejy;)ected, since, 
as stated above, the adsorption of phosphates may be 
partly a chemical action. Another important action of 
fertilisers is the solation of silicic acid gel (probably also 
of other colloid gels), usually stated as dissolving silicic 
acid ; the sol rises by capillary action to tfie surface, and 
is there again gelated, and encrusts the surface. 

The weathering of rocks gives rise to colloids, mainly 
in the form of gels. The precipitated colloids produced 
during weathering are not chemical compounds of alumina 
with silica, i.c. amorphous aluminium silicates, but are 
mixtures of the single gels, produced by the mutual pre- 
cipitation of positive and negative sols. 

Purification of Sewage and Water 

The oxidisablc impurities in sewage are colloids in the 
form of sols. This was first suggested by Biltz and 
Krohnke,^ who proved it to be the case by dialysis, and 
by the migration of the substances to the anode when 
subjected to a fall of potential. They are thus negative 
colloids, and are precipitated by positive sols, such as 
ferric hydroxide sol and aluminium hydroxide sol. They 
are also rapidly precipitated by ferric salts and aluminium 
salts ; and this not because of the hydrolysis of these salts 
into the above positive sols, but because of the powerful 
precipitating effect of tri valent kations, as Fe , A1 , etc., 
on negative sols (p. 141). Biltz applied the adsorption 
formula^ but without much success. 

The^nethods of chemical purification of waste water 
* Ber., 1904 , 37 , 1746 . 
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in cfiemical manufi^cttires are usually based on the above 
reliction, Fdr example, aluminium hydroxide is used as 
at clearing agent in the waste waters in starch factories. 
According to Eohland (p. 296), some kinds of native 
plastic clay oan be used instead of artificial colloid 
aluminium hydroxide in these purification processes. 

The^urification of water for town supplies by filtration 
through beds of sand, charcoal, etc., affords examples of 
adsorption frohi solutions at the enormous surface of the 
filter. The addition of alum to water before mechanical 
filtration has several effects. In the first place, the acid 
solution will affect the electric charge on the colloids in 
the water, especially the emulsoid colloids, and so will 
increase their precipitation by salts. Then, as mentioned 
above, aluminium ion lias a very powerful precipitating 
action on negative sols, and if positive sols are present 
the bivalent sulphate ion will also rapidly precipitate 
them. 

Some of the impurities which may occur in water are 
very strongly adsorbed. For instance, lead may be dis- 
solved from the lead pipes, and find its way into the 
water supply. It is completely taken out by a single 
filtration through a layer of closely-packed cotton wool 
(a single filter paper will not do it). This is extremely 
convenient for analysis, as the lead is easily removed from 
the cotton wool by means of acid. The lead is apparently 
present as a sol of lead carbonate or hydroxide. 

Rohland states that the yellow colouring matter from 
the sulphite cellulose process is not ads^orbed readily, 
as it is not a colloid. It must be turned into a colloid 
by oxidation in air and addition of potassium ferrocyanide 
before it can be removed by adsorbents. 



CHAPTER XXII 

APPLICATIONS OF COLLOID CHEMISTRY Tf^ BIOLOGY 

The Equilibrium between Blood and Oxygen.— The question 
of the solubility of gases, especially the importaut gases 
oxygen and carbon dioxide, in blood has long engaged the 
attention of scientists. The variation in the amount 
taken up with the external pressure does not follow 
Henry’s law (that the solubility of a gas in a liquid varies 
directly as the pressure), very large amounts being taken 
up at low pressures in comparison with those at high 
pressures. The amount taken up at any pressure is 
enormously greater than that dissolved by water under 
the same conditions,' as the following figures show : at a 
pressure of 160 mm. 100 c.c. of water take up 0'7 c.c. of 
oxygen, while 100 c.c. of dog’s blood take up 24 c.c. ; as 
the centrifuged plasma takes up only 0-65 c.c., the 
corpuscles are responsible for the difference, and not the 
salts or other substances in the blood. 

Since Liebig’s time, the accepted explanation of this 
deviation from Henry’s law has been that it is due to the 
Tormation of a chemical compound of haemoglobin and 
oxygen. There are several difficulties in accepting this 
explanation. Xot only does the composition of this 
compound vary with the pressure, but also with other 

1 Bohr, NageVs Handbuch d. Physiol, 1905, I., 1, p. 64; Loewy, 
^hysikal.KJhem. w. Medizin, 1907, I., p. 231; also Philip^ Physical 
C^i^siry : Its bearing on Biology and Medievne, 1913, p. *26. 
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varjing conditiona# of preparation ; furtlier the maximum 
amount thaf can be taken up is by no means constant. 
Shps the maximum amount of oxygen that can be taken 
up should bear some constant relation to the amount of 
iron (representing haemoglobin), but 1 g. of Fe corre- 
spoiids to — 

I 328-468 c.c. in dog’s blood, 

301-450 „ ,• ox 

280-401 „ „ pig’s „ 

379-426 „ „ horse’s „ 

Again, in any given case, the maximum saturation is 
not reached even at a pressure of 10 atmospheres ^ : — 


V 1 

cm. Hg. 

c.c. 

P 

atmospheres. 

c.c. 

17 

7-3 

1 

20*0 

25 

lOT 

2 

20*9 

34 

10-8 

3 

2T6 

44*5 

15-6 

5 

22'7 

56 

16-9 

7 

23-1 



10 

23*4 


The first of these difficulties was apparently solved by 
Bonders, on the basis of chemical dissociation, analogous 
to the dissociation of calcium carbonate. But to “explain” 
all these phenomena, it was necessary to assume more 
than one kind of hsemoglobin, and several dissociation 
products of haemoglobin, one containing iron (hsemochro- 
mogen), another one iron-free. The former again 
dissociates into a part containing oxygen, and another 
which is oxygen-free. 

As Wolfgang Ostwald* pointed out, all the available 
data for the amounts both of oxygen and of carbon dioxide 

» Lapression haromitnque, etc., Paris, 1878, p.^3. 

« Kolf. ZeiUch., 1907, 2, 264, 294. 
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in blood are expressed by the adsiJrpJion formula, ^and 
give typical adsorption curves; the following example 
will suffice ^ 


• 

p 

mm. Hg. 

in per cent, of total 
saturation. 

X 

calculated. 

^2 

32i5 

26-r " 

16 

52-0 

. 52-9 

25 

63-5 

61-5 

45 

74-0 

75*1 

63 

83-0 

84-2 

82 

93*5 

921 


The figures in the last column are calculated from the 
adsorption formula — 


X , I 

- = A: cn 
m 

with h = 20’6 and ^ = 0*34. The curve in Fig. 21, 

represents p and x in columns 1 and 2. 

There can be little doubt that the gases are adsorbed 
by the blood, probably at the surface of the disperse 
phase. 

The effect of artificial colloids on the solubility of 
gases has been the subject of investigation by Geffcken.2 
With ferric hydroxide sol there was no difference between 
the solubility of oxygen in water and in the sol, while 
nitrous oxide was less soluble in the sol. And more 
recently, Findlay ^ and do-workers have carefully in- 
vestigated the problem, using carbon dioxide and nitrous 

' Loewy, Engelmann's Arch. Physiol, 1904, 231. 

* Zeitsch. physikal Chem., 1904, 49. 

» Chem!>Soc. Journ., 1910, 97, 636; 1912, 101, 1469; 1913j, 103, 486 } 
191*4, JC^, 291. 
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oxicle, and a largf Variety of colloid sols, as starch, egg 
albumin, ge'iatin, dextrin, ferric hydroxide, silicic acid, 
md suspensions of silica and charcoal, at pressures from 
25b mm. to 1000 mm. of mercury. At low pressures the 
solubility of the gas may be greater or less than in water, 
but diminishes with rise of pressure, falling to a constant 
minirpum or passing through a minimum and rising 
slightly after it. As there is no effect at all coilfparable 



with the case of oxygen in blood, it is evident that some 
other factor must be operative in the latter case, and this 
may be chemical in its nature. 

Enzymes and Inorganic Fe,rment8. — The organic fer- 
ments which have been isolated are amorphous, albumin- 
like substances; it is usually impossible to remove them 
from organic tissues with which they are associated. 
During reaction they must be either in the form,of gel on^ 
the^ surface of the tissue, or in the form of a sol (pi^)l 3 ahly 
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emulsoid or bydrophile). In eitbef c^se the reaction is 
obviously heterogeneous, and adsorption, 'surface con- 
centration, and diffusion must therefore take an important 
part in the changes. If the chemical change is a r&pid 
one, the Nernst-Brunner principle must also apply, and if 
the enzyme is a sol, Brownian movement will come into 
play, as will also dianges in the specific surface under the 
influeifSe of reagents, especially of acids, alkalies and 
salts. 

When Bredig discovered his method of preparing sols 
of pure platinum and other metals, whose action as catalysts 
in the massive state was known, he was naturally led to 
examine their catalytic properties in comparison with the 
same metals in the solid state on the one hand, and with 
the organic catalysts, the enzymes, on the other. The 
results obtained by Bredig and his pupils are embodied in 
his interesting book, Anorganische Fermente (Leipzig,* 
1901). 

Qualitatively the metal sols were found to catalyse 
the same reactions as platinum black, e.g. the union of 
hydrogen and oxygen, the oxidation of hydriodic acid by 
atmospheric oxygen, and the decomposition of hydrogen 
peroxide, which is also catalytically decomposed by many 
organic ferments. The activity of the sols is enormous ; 
thus 1 c.c. of a platinum sol, containing from 0 0001 mg. 
to 0*000003 mg. of metal, showed marked catalytic 
properties. Sols of other substances which act upon 
hydrogen peroxide were much less active than this, the 
concentrations corresponding to the above being — 


Pt . • 

. 20 million liti^s for 1 g. atom 

Mn02 . 

. 10 

C02O3 . 

• If >1 

guo . 

. 1 .. 

PbOg . 

. 01 



304 APPLICATIONS OF COLLOID CHEMISTRY 

Tlie^ concentrations «,re comparable with those at which 
' the activity of ferments, etc., is perceptible. 

^ Quantitatively there is a close resemblance between 
'decompositions by metal sols and by enzymes. The 
decompositioti of hydrogen peroxide into water and 
oxygen is a very convenient reaction to study; it is a 
reaction of the first order if platinum black is used, and 
remains' so whether the solution is acid, alkaline, , or 
neutral. Here the chemical reaction is extremely rapid, 
and the velocity actually measured is the diffusion of the 
hydrogen peroxide across the adherent layer, the tempera- 
ture coefficient being correspondingly small. 

The reaction with platinum sol in neutral solution is 
not strictly one of the first order, although it is approxi- 
mately so, for if the sol is a very active one, the velocity 
increases as the amount of hydrogen peroxide falls off. 
This is not due to the formation of a compound of 
platinum and oxygen, since the rise is repeated, even if 
the platinum has been previously treated with the peroxide. 
In acid solution the reaction is also of the first order. 
There is a difference in this connexion between the 
enzymes and the metal sols. O’Sullivan and Tompson,^ 
and Tamilian 2 have shown that the inversion of sugar by 
enzymes approximates to the logarithmic law (reaction of 
the first order), but is not in exact accordance with it, 
because of changes in the condition and activity of the 
ferment, which are functions of time, and in some 
instances of the amount of substance catalysed. 

In alkaline solution very peci^liar results y^ere obtained. 
The activity b very much increased, so that the sol must 
be 3-30 times more dilute than in water, a suitable con- 
centration being 1 g. atom in 300,000 litres. Dilute 

* Ohem. 80c. Joum.y 1890 , 67 , 926 . 

» ZeiABch. physikal. Chem., 1889 , 8 , 36 ; 1896 , 18 , 486 , 
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alkali therefore increases the velocity ,|Which incrca^s at 
first with the concentration of sodium hydroxide to a 
maximum, and then diminislies, finally becoming l«ss, 
than in neutral solution, e.y . — 


0*05 II2O2 + 0*000003 Ft 


Concentration of ) 
NaOII j 

0 

A 1 2 

• 

- J V 

2 5 it 



Time (min.) for ( 
50% decomposition ) 

255 

34 

28 

24* 

25 22 

Concentration of ) 
NaOH 5 

1C 

J 

i 

i 

1 normal 

Time (min.) for ) 
60% decomposition ) 

34 

34 

70 

162 

520. 


fig. 22a is the corresponding curve. 

Thus in normal sodium hydroxide the velocity is 
reduced to half the velocity in neutral solution. This is. 
very similar to the effect of alkali on the decomposition 
of hydrogen peroxide by cmulsiii. Jacobson ^ had found * 
that the enzymes of malt and of pancreas, and emulsin 
decomposed hydrogen peroxide much more rapidly in weak 
alkaline solutions, e.g,-~ 

Emulsin -|- H2O2 

Concentration \ a _i 1 a. 1 .L normal 
ofKOH I ^ 130 40 30 2. 

Time (min.) for 1 .jq 3 g 15 20 > 00 

, 170 c.c. O2 J 

The curve (Fig. 22ii) is very similar to that for 
platinum. 

The order of reaction cannot be determined, for in very 
lilute alkali solutions the velocity is independent of the 
joncentration of the peroxide ; at greater concentrationu 
the order^ of reaction comes out between 0-1. The cause 
1 Zeitsch. physiol. Chem., 1892 , 16 , 840 . 
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of tMs may be th^ sffabilising effecb of hydroxyl ion on 
negative sols* (p. 105), changing sub-microns to amicrons, 
, and^causing an increase in the specific surface and Brownian 
movement. A similar explanation may also hold for the 
analogous case of enzymes. Confirmation of' this view 
may be found in the observation that ferric hydroxide sol, 
which ;l^as marked catalytic powers, is quite inactive in 
alkaline solution, according to Brcdig’s observatiOis. „ It 
is a positive &oI, and the ellbct of hydroxyl ion upon it 



should be the direct opposite of the eflect on negative 
sols. 

If the concentration of the platinum sol is diminished 
in the ratio 2 : 1, the velocity constant h decreases in the 
ratio 3 : 1, e,g , — 


Pt concentration. 

k. 

2816 X 10-0 

0115 

2112 „ 

0-072 

14-08 „ 

0-040 

10*56 „ 

0*024 

5*28 „ 

0-0084 

2*64 „ 

0-0027 


Finally, there is a striking parallelism between the 
“ poisoniiig ” action of various substances on platinui^ rfof 
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arid on enzymes. Substances such aS|,h 3 ^drogen sulphide, 
mercuric chloride, hydroxylamine, hydrocyanic acid, etc., 
even at very small concentrations, reduce or entirely stop^ 
the catalysis : e.g . — 

0 06 HgO, -f 0 00001 Pt 

Concentration HCN ^ 

(mol. per litre) / ^ OOOOaKIS O-OOOiXX)! ^ C 0000002 

Time in minutes for i 

50% decomposition } 7 5 In 4 22 0 40 9 

i.e. 0*0014 mg. of hydrocyanic acid in 1 litre reduces the 
velocity to half. Jacobson finds the same for the catalysis 
of hydrogen peroxide by emulsin and by pancreatio 
ferment, and Robert found a similar sensitiveness of the 
catalysis of hydrogen peroxide by blood (haemase) to 
hydrocyanic acid (0 002 mg.). It is interesting to note 
that the order in which the reagents are mixed makes a 
great difference to the result; the poisoning of the 
catalyser, whether platinum or enzyme, is always more 
severe when the hydrocyanic acid is added to it before the 
hydrogen peroxide. Both the platinum and the enzymes 
‘^recover” their activity after a time. As Freundlich 
points out, the variation of the “ poisoning effect with the 
concentration of the poison is in accordance with the 
adsorption formula, though it is, of course, not suggested 
that the mere adsorption of the substance on the surface 
slows down or prevents the action (by offering a resistance 
to diffusion). 

Agglutination. — An enormous amount of work has 
been done daring the cecent development of colloid 
chemistry towards the elucidation of some of the perplex- 
ing and complicated reactions of biology in accordance with 
the newly acquired ideas, and in no direction have mofe 
^trenuoufi efforts been made than in the case of toxins and 
antitoxins, and the other reactions of a simifar nature. 
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So extensive is th(^ subject that entire books have been 
devoted to it* obviously, then, nothing can be done here 
b^ond indicating how far the outstanding features of 
these reactions are colloid in nature, whether adsorptions 
or mutual precipitations of sols and gels. 

A word of warning may not be out of place here, 
although it may be equally necessary in other subjects. 
There is an undeniable tendency not only to**^ apply 
a new idea oi* theory in many new directions in a loose 
and vague manner, but also to regard such applications as 
“explanations.” Mass-action, osmotic pressure, ionisation, 
hydrolysis, amphoteric electrolytes, and now colloids, 
adsorption, and surface tension, have been successively 
thus, employed, and often in cases of so complex a nature 
that it was a priori highly improbable that any one 
explanation could take in all the relations concerned. 
Particularly is it necessary to remember this in dealing 
- with adsorption. The adsorption formula is merely an 
empirical expression, which more or less closely fits a 
large number of facts, which are by no means necessarily 
the same in nature, and to show that a particular pheno- 
menon can be expressed by the adsorption formula certainly 
does not explain the phenomenon. 

What are commonly known as emulsions of bacteria 
are really suspensions, varying in dispersity according to 
the kind of bacteria, and are precipitated by quite 
definite amounts of electrolytes, as are suspensions 
generally. They are, as a matter of fact, not very 
sensitive, as they are not precipitated by kations of the 
alkalies or of light metals, but are precipitated by acids 
(hydrion), by kationa of heavy metals, and by aluminium 
alad ferric ion (see table, p. 310). They thus stand between 
suspeusoid and emulsoid sols, and on this accojmt have 
beep represented as suspensoids, protected by an enpijsoicf 
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sol. This is supported by the fact that bacteria sols are 
not “ protected ” to any considerable extent l^y emulsoids, 
such as gelatine or dextrin, which are usually so powerM 
in this respect. 

When* the immune serum is added to the bacteria sol, 
the latter becomes much more sensitive to electrolytes. 
Indeed, no clumping of the bacteria or sedimentation 
occurs on the addition of the immune scrum, unless §alts 
are present; hence, if the sol and the sefum have been 
dialysed, there is no precipitation. It would thus appear 
that the agglutinin in the immune scrum destroyed the 
“ protecting ” part of the bacteria sol, which thus became 
a suspensoid sol. 

The method of working is as follows. The bacteria 
sol (typhus, cliolera, etc.) is treated with formalin, which 
kills the bacteria, the sol is repeatedly centrifuged, 
changing the water, or it is dialysed. The sol is opalescent, 
and remains without sedimentation for a long time. To 
obtain the agglutinin-bacteria, the serum of animals, 
which have been injected with the same bacteria as the 
sol, is added to a culture of the bacteria, and the resulting 
agglutinin-bacteria sol is treated in the same manner as 
the bacteria sol. 

The agglutinin-bacteria sol is not precipitated by 
hydroxyl ion, but is readily precipitated by acids and salts 
of heavy metals. The valency rule applies, the pre- 
cipitating power increasing with the valency of the 
kation. There is an “ optimum ” of precipitation at one 
definite, ratio of bacteria sol to agglutinin, and no pre- 
cipitation occurs if there is a large excess of either. This 
is analogous to the mutual precipitation of positive and 
negative sols (p. 134).’ The following table illustrates the 
differences between bacteria sol (typhus) and the corre- 
sponding agglutinin-bacteria in their precipitation by 
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electiplytes. Fur comparison, the corresponding figures ^ 
■for a mastic Shi are added : — 

Concentration (m.mol. per litre) for 
precipitation in 24 hours^ 




Agglutinin- 


Electrolyte. 

Bacteria. 

bacteria. 

Mastic. 

NaOl . . 

, CO 

25 

1000 

NtrNOg . . 

. — 

25 


Na 2 St )4 

— . 


55 


2 




KOH . . 

OD 

CO 


IICI . . . 

H 2 SO 4 

1 

0*5 

10 

^ • • 

1 

0*25 

10 

IT.CgHgOo . 

1 

1 

— 

AgNOg ; . 

25 

1 

125 

MgSOi . . 

00 

1-3 

50 

CaClj . . 

. 00 

2*3 

25 

IV.Olj . . 

. 00 

2-5 

— 

C\IS 04 . . 

5 

0-5 

12 

Ni(N 03)2 . 


L3 

— 

llgClj . . 

1-3 

0-25 

— 

A! 2 (S 04)3 

2 

. 0’08 

0*08 

0'15 

I>2(S04)3 

2 

. 0-2 

0-04 

0-15 


The change from emulsoid to suspciisoid is also shown 
by the precipitation of agglutinin-bacteria by dyes. 
Similar changes occur when egg-albumin is coagulated by 
heat. The mutual precipitation with its zone bounded on 
both sides by zones of non-precipitation is accompanied 
by the analogous behaviour towards multivalent ions, e.g. 
AV’ and Fe”’ (p. 139), and also towards acids (H‘) ; the 
latter of which, however, has not been observ/3d with 
1 Beohhold, Zeitsch. physikal, Chem., 1904, 48 , 886. 
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inorganic sols. Its occurrence in tii is instance is probably 
connected with the anomalous position of afi albumin* likh 
substance with suspensoid properties, the albumin cha- 
racter rendering the sol very susceptible to hydrion (IL) 
as emulsoid sols of albumin are known to be. 

Henri ^ pointed out an important difference between 
the mutual precipitation of sols and agglutination in that 
tl^e fhrmcr only occurs between sols of opposite electric 
charge, while the latter occurs with botlw For instance, 
red blood corpuscles, whicli are negative, can be precipi- 
tated by both positive and negative sols. He assumes 
that the corpuscles are surrounded by a pellicle which can 
fix salts (by adsorption ?), especially magnesium sulphate 
and calcium sulphate. These salts act upon any pre- 
cipitable sol, producing a coagulum round the corpuscle ; 
they can be removed by diffusion into an isotonic sugar 
solution, after which the blood corpuscles are much less 
susceptible to precipitation by sols. Similarly by soak- 
ing them in solutions of salts, esi)ecially of chlorides and 
sulphates, they become more readily precipitated by sols, 
and especially by ferric hydroxide sol. 

The nature of the combination between the bacteria 
and the agglutinin is a problem of much the same kind 
as that of the combination of fibres and dyes. From the 
constancy of the ratio of the two which is necessary for 
optimum precipitation, it was at first concluded that the 
combination was chemical in nature. But this alone is 
of no value as a criterion, since, to mention only one 
instance, the mutual pi^cipitation of positive and negative 
sols also fulfils this condition, even in cases where chemical 
reaction in the ordinary sense cannot possibly be supposed 
to take place. Biltz2 then suggested that they vere 

1 Compt. rend., 1904 , 138 , 1461 . 

• Zeitsch. physikal. Chem., 1904 , 48 , 61 #. 
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adsorption oomponnda formed from a highly disperse 
hmnlsion and^ a sof. He showed further that the dis- 
triJ)ution of agglutinin between the bacteria and the 
imrafine serum followed the adsorption law, as the follow- 
ing figures sh6w : — 

Typhus Bacillus and Agglutinin. 

* 'Agglutinin in 


Agglutinin in 

agglutinin-bacilli. 

solution/ 

Observed. 

Calculated. 

20 

180 

170 

60 

340 

360 

500 

1500 

1520 

3500 

6500 

5960 

9000 

11000 

11400 


The figures in column 3 are calculated from the 
adsorption formula 

X I 
- — acn 

m 

in which the constant a = 21 *9, and - — 0-637. 

n 

The action between bacteria and agglutinin canHhus 
undoubtedly bo expressed as an adsorption. But there 
are difficulties in the way of acce 2 )ting this as a final 
explanation, for a most important feature of the whole 
reaction is the fact that sols of any one kind of bacteria 
are affected only by the agglutinin produced in serum by 
the injection into the animal of the same kind of bacteria, 
and by no other. Gelatine, however, acts as a specific 
agglutinin to both typhus and cholera bacilli,*' This, while 
confirming the colloid nature of the reaction, is difficult to 
work out on the line of chemical combination, although, as 
Proctor found in investigating the action of acids and salts 

1 Biltz, ^ed. naiurverein. Archiv., 1907, 1, 363, caloulared from 
EUenberg and Volk, Zeitach, Hygiene, 1902, 40, 155. 
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on gelatine, gelatine forms a. chemical jompound of a*sa1t 
like nature with acids (p. 291). This specific charadte 
of the reaction is generally considered to be strongly 4 t 
favour of a chemical reaction between the two, a p'^oini 
of view advocated throughout by Arihenius* in his bool 
on Immunochcmie. If the combination is chemical ir 
nature, it must be of a peculiar and restricted kirn];. The 
probability of deciding the problem in the meantime 
seems to be somewhat remote. 

Toxins and Antitoxins.— The nature of the reaction 
between a toxin and its antitoxin has, like tlie similar 
1 ‘eaction of agglutination, attracted mucli attention in 
recent years, and the position concerning it is very similar 
to that in the case of agglutination. 

The substances concerned in the toxin-antitoxin 
reaction are undoubtedly colloid in nature more ^0 on the 
whole than in the agglutination reaction, some of them,* 
indeed, being so far removed from theilispersity associated, 
with emulsions that they diffuse fairly rapidly. The 
diffusion coefficients of some toxins and antitoxins in 
gelatine have been determined by Arrhenius.^ 

Diphtheria toxin . . D = 0016xl0'^ 

sec, 

„ antitoxin . O’OOIT „ 

Tetanus lysin . . . 0*043 „ 

„ autilysin . , 0*0024 „ 

The substances are thus colloids, and the antitoxins 
apparently m§re so thar^the corresponding toxins. No 
conclusions regarding molar weight by the application of 
Thovert’s relation (p. 35) are permissible, as the diffusions 
were carried out in gelatine and not in water. 

The first striking similarity between the colloid 


^ Immunodiemie, p. 17. 
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reactions and the toxifi-antitoxin reaction is what is known 
in*the latter as the Danysz effect. When a diphtheria toxin 
^ is treated with its antitoxin, the reduction in toxicity 
depends on the manner in which it is added, i.e. an amount 
of antitoxin which is exactly sufficient to neutralise a 
given amount of toxin when added all at once, is not 
nearly; sufficient to neutralise the same amount of toxin 
wlien added little by littffi, with moderate internals 
between each 'addition. And the longer the intervals, the 
greater is the insufficiency. Tliis is a well-known charac- 
teristic of colloid reactions, e.g., in the precipitation of 
suspensoid sols by electrolytes, ^ and in the salting out of 
eniulsoids, as albumin.^ If the salt is added all at once, 
more albumin is precipitated than if it is added gradually ; 
when 5 c.c. of a saturated solution of ammonium sulphate 
were added at one operation to 5 c.c. of a white of egg 
sol, the filtrate contained 017 g. of albumin; when the 
, addition was spread over twenty-four hours the filtrate 
contained 0*214 g., and over forty-eight hours it contained 
0*237 g. Similarly with the mutual precipitation of positive 
and negative sols, the ratio of the amounts which produce 
complete precipitation is a function of the time over which 
the addition is extended. This “acclimatisation” is an 
important objection to explanations of the phenomena on 
the basis of chemical combination, or of chemical equi- 
librium, for even when the latter requires appreciable 
time for equilibrium to be established, the equi- 
librium itself is independent of the time. Bredig 
noticed too that the manner iuh which hydrocyanic acid 
and hydrogen peroxide were added to platinum sol made 
very great differences in the result (p. 307). He also 
states that an old gold sol is much less sensitive to 

‘ Frevindlich, Zeitsch. physikal. Chem.f 1903, 44 , 143. ^ 

• Ilfiber'and Gordon, Beitr. chem. Physiol, Path., 1904, 5 , 436. 
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ammonia than a freshly prepared (me^and that the addi- 
tion of such old insensitive sols to new very sensiftve 
ones confers on the mixture “immunity” against ammonia.^ ^ 
There are thus many colloid analogies with the Danysz 
effect. 

Several investigations of the electrical heliaviour of 
toxins and antitoxins have been made with a yew to 
explailiing their action on *cach other, but with no very 
definite result. Diphtheria toxin and antito'^in were found 
by Field and Teague ^ to migrate distinctly. Bechhold also 
found that diphtheria toxin was slightly weakened at the 
anode, while the antitoxin migrated to the kathode. In a 
mixture containing an excess of toxin, the excess migrated 
to the kathode, provided that the experiment was per- 
formed immediately after mixing the toxin and antitoxin.^ 

The main question here, as in agglutination, is whether 
the reaction is due to chemical combination or to an 
adsorption. The chemical reaction which naturally is at. 
once suggested, is the neutralisation of acid and base. 
Against this is not only the fact that, as stated above, the 
proportion of the two necessary for neutralisation varies 
with the manner in which the addition is made, but also 
the further fact that as the amount of antitoxin to a fixed 
amount of toxin increases, the amount of free toxin 
diminishes, but never entirely disappears. The corre- 
sponding chemical reaction is the equilibrium between a 
weak acid and a weak base, such as ammonia and boric 
acid, in which case too there will always be free boric 
acid (or ammi)nia), however great an excess of ammonia 
(or boric acid) is added. It is chemical reactions of 
this type on which Arrhenius has based the chemical 

' Bredig, Anorgamsche Fermente^ p, 28. 

Joiirnal of Experimental Medicine, 9, p. 80. 

Bechhold, Koll. Zeitsch., 1907, 2, 184, abstraoC 
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theoiy of the reacticti. The equilibrium equation for 
th^ above case of a weak acid and weak base in aqueous 
solution is— 

CjC2 — h <?• 

in which is the concentration of free acid, 

C 2 „ * „ free base, 

c „ „ combined acid, ^ 

and k is a coii^sLaiit. 

The following table shows how closely the above equa- 
tion holds for the reaction between toxin and antitoxin. 
In it Cl, C 2 , and c are the amounts of free tetanus lysin, of 
antilysin, and of bound lysin respectively. The value of 
k is 0'115 ; n in the first column is the amount of antilysin 
added to 1 of lysin, the second column contains the amount 
of free lysin as determined by experiment, and the third 
column the amount calculated from the above equation ; — 


Tetanus Lysin and Antilysin. 


n 

c, (obs.). 

Cl (calc.). 

0 

100 

100 

005 

82 

82 

01 

70 

66 ' 

015 

52 

52 

02 

36 

38 

0-3 

22 

23 

0-4 

14-2 

13-9 

0-5 

101 

104 

01 

61 

6-3 

1-0 

4-0 

4*0 

1-3 

2-7 

2-9 

L6 

2-0 " 

2-5" 

2-0 

1-8 

L9 


• Biltz was the first to suggest that the reaction might 
be an adsorption, and in support of this view shojyed that 
the resulls'-are in agreement with the adsorption fojEjuIa, 
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The following table, calculated by •Biltz ^ from ^fac^en’s 
results 2 on the reaction between di^itlierfa toxin and 
.antitoxins shows how closely the experimental results ty o 
expressed by the adsorption formula : — 

Diphtheria Toxiii and Antitoxin. 

Free toxin in Toxin bound to the antitoxin. 


solution. 

^obs. 

calc. 

1-2 

107 

180 

5-6 

210 

2icr 

111 

222 

230 

172 

237 

240 

28-0 

240 

255 

32-2 

270 

260 

40 8 

251 

270 

57-6 

283 

275 

72-8 

272 

280 

74-4 

(511) 

283 


The calculated results in the third column are obtained 
from the adsorption formula — 

X i 
— = ac« 
m 

in which a = 177, and ^ = 0*102. 

n 

A comparison of the two tables shows that both the 
adsorption formula and the equation for the equilibrium 
between a weak acid and a weak base express the experi- 
mental results very closely, when the uncertainties of the 
experimental data are borne in mind ; on the whole, the 
"adsorption fomula is in closer agreement. There is, how- 
ever, the same difficulty here as in the case of agglutina- 
tion, namely, the specific nature of the reaction. The fact 
is that diphtheria antitoxin is the only one which can 

1 Biltz, he. cit., p. 812. 

3 Madsen, Arrhenius' Immunochemie, p. 13J 
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neutralise diphtheria ctoxin, though it has not yet been 
' ma*]e clear h6w this is to be explained by chemical action 
0 ^; the type oC neutralisation of acid and base, which ia 
certainly a general and not a specific reaction. 


O.SMonc Prkssure and Semtpermkability, Membrane 
Hydrolysis 

c 

The earlier determinations of the osmotic pressure 
exerted by biologically important colloids gave conflicting 
results, partly on account of inadequate methods, and 
partly because of unsuitable treatment of tlie substances. 
Recent work has shown that very considerable osmotic 
pressures are attained in some cases. Owing to the colloid 
character of the substances, there is usually no trouble in 
Lccuring a membrane which is sufficiently impermeable by 
the colloid, wliile allowing water and crystalloids to pass 
freely. Parchment paper and collodion films (p. 27) arc 
found most generally useful. As they are readily 
permeable by salts, any permanent osmotic pressure 
recorded cannot be ascribed to electrolytes or other 
crystalloid impurities. 

The effect of electrolytes on the osmotic pressure of 
sols has also been investigated; these, especially in the 
case of albumin, are of interest from the biological point 
of view. As a rule, the osmotic pressure of sols is lower 
if salts are present, but in a few cases the pressure is 
increased, although the membranes are readily permeable 
by these salts. The cause of this is found in the change 
of dispersity of the disperse phase. 

Moore and Parker ^ determined the osmotic pressure of 
soap solutions, and obtained fairly large values. Thev 


Amer , J . Physiol ., 1902, 7, 262, 
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concluded that soap is not dissolvec^ as single molecules, 
but as “ solution aggregates.” (For a geAeral aecouiit of ^e 
^oaps, see p. 269.) 

Particular interest attaches to Bayliss’s ^ recent \sork 
on the osDDtbtic pressure of Congo red, which ie the sodium 
salt of a disulphonic acid, the theoretical molar weight of 
which is 696. The apparatus used was of the Moore and 
EoaJ !2 4 ype^ which a parchtnent paper septum is «Tamped 
between two metal chambers provided witji flanges, the 
septum being supported by a rigid metal grid. The values 
obtained were slightly below those for a solution containing 
single molecules, and this behaviour was confirmed by 
vapour-pressure determinations, which gave normal values. 
Notwithstanding this, Congo red is a colloid, for it does not 
diffuse or dialyse, migrates in an electric field to the 
anode, and is precipitated by kations in accordance with 
the valency rule ; at the same time, it is a good electrolyte,* 
and in dilute solution is largely ionised, up to 80 per cent, 
at a dilution of 500 litres, from wliich the osmotic pressure* 
should be from 1*5 to 3 times the calculated value. Similar 
results have been obtained by Biltz,^ the osmotic pressure 
of Congo red corresponding to a molar weight of 602, 
when the osmometer was immersed in pure water. When 
the outer liquid was a solution containing the products of 
dialysis, concentrated until its electric conductivity was 
the same as that of the contents of the osmometer, the 
osmotic pressure fell, and then gave a molar weight of 
2333. 

■ The conditions obtaining in the dialysis of the salts 
of the nature of Congo red, say Nalt, have been investigated 

» Bayliss, Proc. Roy. Soc., 1909, B. 81, 209; 1911, B. 84, 229; Roll. 
Zeitsch., 1910, 6, 23. 

* Biochem. J., 1906, 2, 34; or Philip, Physical Chemistry: Us 
J^earing oif Biology and Medicine, p. 182. 

•* Zeitsch. physihal. Chem., 1909, 68, 867 ; 1910, 78, 481 f 1^11, 77, 91. 
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by Donnan.' He sbpws that if a salt NaR, like Congo 
t rc<}, is dissolved in water and separated from pure water 

a semipermeable membrane like parchment paper, a^ 
* larjy? amount of hydrolysis may take place. Qualitatively 
at least this^is readily deduced. The membrane is per- 
meable by Na' and not by R', nor by the unionised NaR ; 
it is also permeable by H' and OH', and also by H2O ; 
consequently it will be pemif'able by NaOH and not by 
HR. This bejng so, the salt which in water may not be 
hydrolysed at all, can be largely decomposed in water 
when separated from pure water by the membrane, and 
especially will this be possible where, as is the case with 
Congo red, the acid is more colloid than the salt. An 
aqueous solution of the blue acid of Congo red shows 
submicrons in the ultramicroscope, and the osmotic pres- 
sure corresponds to a molar weight about 20 times that 
Tor single molecules. 

The same kind of thing will also occur with substances 
like aluminium chloride, and with simpler salts in the 
case of membranes like aluminium hydroxide which are 
permeable by various ions to very dillerent extents. As 
experiments on the electric conductivity of salts across 
precipitation films showed, an aluminium hydroxide 
membrane is readily permeable by H’, K*, Na’, CP, but not 
by SO4" ; from which it follows that an aqueous solution 
of say sodium sulphate, which is not hydrolysed to a 
measurable extent, can be separated by dialysis through 
such a film into sodium hydroxide and sulphuric acid. 
Similarly a weak acid like carbonic acid may be enabled 
to decompose a salt of a much stronger acia, if the latter 
is able to dialyse across the membrane much more rapidly 
than the other substances. 

' Zextsch, Elektrodiem,, 1911 , 71 , 572 ; Chem. Soc. Journ,, 1911 , 99 , 

1654 . 
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At the same time electrical potfntial differences ^ay 
also be established at such a membrane* Wifh Congo led 
pn one side of the film, sodium chloride is distributed 
unequally on the two sides of the film, being higher on 
the side Opposite the Congo red. According to Donnan, 
these inequalities of concentration render fallacious any 
calculations of molar weight from the osmotic pressures 
observed in such cases. 

Casein and sodium hydroxide give risew to a similar 
condition of matters,^ for the sodium hydroxide crosses 
over to the casein against the osmotic pressure. Until 
the casein is almost saturated no alkali will remain on 
the outside of the osmometer. Alkali, therefore, moves 
against the osmotic pressure to the colloid side in order 
to unite with the casein. 

Moore attributes the osmotic pressure to this union, 
and assigns to the membrane the purely mechanical rdU* 
of holding together the aggregates; he maintains the 
impermeability of the membrane to be a fiction, stating 
that free ions pass through the membrane readily, while 
ions anchored to the colloid are retained on the colloid side 
of the membrane and exert pressure. With living cells 
the different concentrations of sodium, potassium, chloride 
and phosphate ions inside and outside tlie cell are re- 
garded as expressions of the specific affinities of the 
definite colloid of each type of cell for these ions, and do 
not imply that there is a membrane acting as a “ closed 
gate” to these ions. Moore and Eoaf^ are apparently 
not in favour of selective permeability of membranes, 
preferring on* the whole* selective adsorption by proto- 
plasm. 

» Moore, Eoaf and Webster, BiocHm. J,, 1911, 6, 110. 

• See further, Hbber, Arch. ges. Ph/yml, 1913, 160, 16 ; and Moore 
%i}d Roaf, Eoll. Zeitsch., 1913, 18, 133. 

Y 
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• yhe question arises whether there is any real dif- 
feience betA^een fhe two. Selectively adsorbing proto- 
^asm in the cell would probably act as a selectively 
pertneable membrane, if it was spread out as a film 
between the' two phases. * 



SUBJECT INDEX 
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Co-silicatos, etc., 33 
Coagulation, 9 
of albumin, 116, 117, 120 
Collodion dialysers, 27, 29 
imbibition, 159 
ultrafiltor, 58 
Colloidogons, 209 
Colloids and crystalloids, 1, 5, 24 
“ complex ” theory of, 108 
electrolyte, 209 
Colour of sols, 40, 41, 219 
and dispersity, 41 , 

Co^nplex ions, on sols, 112 
Compressibility of gels, 144 
Condensation methods of prepara- 
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molar weight, 35 
into gels, 24, 147 
of toxins and antitoxins, 813 
Disperse phase, 8 
• equilibrium with ion, £71 , 
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Double refraction of gels, 146 
Dyeing, 273 
and adsorption, 282 
and chemical action, 281 
aud distribution law, 285 
and solid solution, 284 
effect of acid and alkali, 283, 288 
of salts, 276 

Dyes, action on agglutin-bactcria,310 
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Y 2 
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troera^smosis,C8 
on gelation of siiicio acid hydrosol , 
129 _ , 

on precipitation of sols, 100 
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tion, 4 

“ Honeycomb” structure, 165 
Humus, colloid properties, 295 
Hydration of gels, 152, 160 
Hydrolysis, 14, 190 
and mineral tanning, 293 
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non-metal organosols, 224 
osmium, 191 
palladium, 189, 191 
phospliorus, 180, 181 
platinum, 190, 191, 193 
purple of Cassius. 216 
selenium, 181, 192, 193 
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concentration curves, 240, 244 
dynamic, 227, 234, 245, 262 
of emulsoids, 21 
of fused salts, 228 
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Thovert’s relation, 35 
‘•'rune Effect,” 98# 
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